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ADVERTISEMENTS 1 


...@ tradition at NEW YORK SHIP 


Since the first keel for a naval ES ' 


vessel was laid at New York Ship, ~ 
shortly after the turn of the a 2 
century, an uninterrupted program ‘ 
of naval construction has been * 

on the yard schedule. & os 

In peace or war, New York Ship j F 
continues to build for the Navy | 
...a tribute to the men who carry | 


on the traditions of the founders. PD fi 


NEW YORK SHIPBUILDING! CORPORATIO 
CAMDEN, N.J. 
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ii ADVERTISE MENTS 


1500-Pound 
Pressure-Seal Bonnet 
Gate Valve, . 
Socket-Welding Ends 


Best Known 
Name in 
Valves and Fittings for 


All Marine Installations 


CRANE CO., General Offices: 
836 S. Michigan Ave., Chicago 5, Illinois 
Branches Serving All Marine Areas 


CRAN 


VALVES + FITTINGS PIPE + PLUMBING AND HEATING 
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ADVERTISEMENTS ili 


CUTLESS BEARINGS 


. for 
Stern Tubes and Struts 


Soft rubber bearing surface—efficiently lubricated by water—this bear- 
ing far outlasts all hard surface types, protects propeller shafts, reduces 
vibration. More than pays for itself in extra wear alone. Saves you 
time, trouble, and upkeep expense. Write for 60-page booklet. 


LUCIAN Q. MOFFITT, INC. 
AKRON, OHIO 


Seaporcel 


REG. TR. MARK 


is a ceramic coating (fused into its metal base 
at 1550° F.) 


SEAPORCEL increases life of mufflers, tail 
pieces, incinerator uptakes and other parts of 
ships where corrosion, erosion and thermal 
shock are factors. 


SEAPORCEL METALS, INC. 


28-20 Borden Avenue 


Long Island City New York 
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ELLIOTT cauemenr 
serves the fleet and Naval bases with such equip- 


Motors Generators 
Deaerating Feedwater Heaters 
Turbine-Generators * Mechanical Drive Turbines 
Condensers Strainers Tube Cleaners 


Information and bulletins on request Q-1075a 


ELLIOTT COMPANY “33° 


District Offices in Principal Cities = 


Bendix’ DEPTH RECORDER 


The Bendix Supersonic Depth them. Weighs only 90 pounds. 
Recorder draws an instantcne- Easily installed in any conven- 
ous, permanent chart of all ient location. Accurate to 200 


undercraft conditions in their feet or 200 fathoms. Write for 
aotural profile as you pass over complete details. 


Pacific Division 


CONTRACTORS TO THE U.S. NAVY 


“Bendix Aviation Corporation 


THE BERWIND-WHITE COAL MINING CO. 
1 BROADWAY, NEW YORK 4, N. Y. 


PROPRIETORS, MINERS AND SHIPPERS OF 
BERWIND’'S EUREKA 

BERWIND'S STANDARD NEW RIVER and 

BERWIND’S STANDARD POCAHONTAS 


SMOKELESS STEAM COALS 
ALSO 


BERWIND’S STANDARD ELKHORN 
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The Whole Island Swept Away 


... yet they didn’t give up the search! 


For more than 25 years “Inco” researchers 
have sought better metals by subjecting them 
to thousands of different tests in hundreds 
of different places. 


To help in the search they have built 
marine testing stations where metals could 
be subjected to conditions as severe as would 
be met in actual use. 


The first, off the coast of Atlantic City, 
N. J., was destroyed by a great storm which 
swept the whole island away. But the records 
were saved ...and the search went on. 


Next, at Fire Island, N. Y., the work was 
disrupted by the unprecedented hurricane of 
38. 


A third time they built...at both Kure 
Beach, N. C., and Block Island, R. I. Today, 
at these two stations, “Inco” men are carry- 
ing on these tests with the help of their 
counterparts in the various organizations of 
cooperating metal producers, the Navy, and 
other government bureaus. Subjecting metals 
to everything from flying sand and salt spray 
to actual immersion in biting sea water. 
Studying their resistance to corrosion, ero- 


sion, and the damaging action of marine 
growths. 

Out of years of continuous work, new 
metals are being developed ... metals which 
are helping many manufacturers make their 
products last longer and do more for you. 

An outstanding example is Monel®, a 
rustproof nickel-copper alloy. Because of its 
corrosion-resistance and high strength, Monel 
is widely used in marine applications... for 
propeller and pump shafts, fuel and water 
tanks, galley trim, tubing and fastenings. 

Inco research is continually studying the 
performance of Monel in these applications, 
broadening this knowledge for use in other 
critical shipboard uses. Established applica- 
tions are being improved, new ones devel- 
oped. 

NEED HELP WITH CORROSION PROBLEMS? 

Write to Inco’s C g Section 

for Corrosion Data Work Sheet, 52-page bro- 

chure on corrosion, and Index of Government 
and Engineering Society specifications cover- 
ing Inco Nickel Alloys. 
THE INTERNATIONAL NICKEL CO., INC. 
67 Wall Street, New York 5, N. Y. 
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Griscom-Russell 


Distilling Plants 
Feed Water Heaters 
Oil Coolers — Jacket Water Coolers 
G-Fin Fuel Oil Heaters 


Bulletins on Request 


THE GRISCOM-RUSSELL CO 


285 MADISON AVENUE, NEW YORE 


GIBBS & COX, INC. 
NAVAL ARCHITECTS AND MARINE ENGINEERS 


ONE BROADWAY - 21 WEST STREET 


NEW YORK, NEW YORK 
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ADVERTISEMENTS Vii 


for Navy, 

Army, 

and Air Force 
instruments and controls 
that reflect 

precision research 


and engineering. 


RY GYROSCOPE COMPANY 


DIVISION OF THE SPERRY CORPORATION 


GREAT NECK, NEW YORK 


< 
FOR LAND 
fog Veh 
OR SEA | 
: 
OR AIR | 
| 
\ 
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1888-1950 


BATTERIES DEPENDABLE... 


on land, at sea, and in the air. 
THE ELECTRIC STORAGE BATTERY CO., Philadelphia 


Shipbuilders 
and 
Engineers 


BATH IRON WORKS 
BATH, MAINE 


SHIPS OF ADVANCED DESIGN AND FINISHED 
CONSTRUCTION BUILT IN THE BIRTHPLACE 
OF AMERICAN SHIPBUILDING 


JOHNS -MANVILLE 


Materials for 


JM MARINE SERVICE 


Incombustible Joiner Materials + Acoustical Materials 
_ Asbestos Ebony for Switch and Panel Boards + Structural Insulations 
. Boiler and Engine Room Insulations + Packings + Gasket 


 Johns-Manville | 
Box 290, New York 16, N. Y. ‘3 


COLLINS RADIO COMPANY 


CEDAR RAPIDS, IOWA 


11 West 42nd Street 2700 West Olive Avenue 
New York 18, N. Y. Burbank, California 


Designers and manufacturers of radio communication 


and navigation equipment for. the Armed Services. 
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ADVERTISEMENTS ix 


VE SHALL BUILD GOOD SHIPS” 


1891-1949 
FIFTY-EIGHT YEARS OF SERVICE 


NeEwPorT NEWS Hulls No. | and 2 built in 1891 are shown on Sep- 
tember 28, 1949, in the waters of their birth, Hampton Roads. After 
fifty-eight years of service both vessels are still working daily. Hull 
No. |, formerly the DOROTHY, is now the J. ALVAH CLARK of the 
Wood Towing Corporation. Hull No. 2, formerly EL TORO, is now 
the VIRGINIA of the Norfolk Dredging Company. 

These two vessels are further operating evidence of the fulfilment 
of the policy established by the Newport News Founder, Collis P. Hunt- 
ington: ‘We shall build good ships here at a profit if we can at a. 
loss if we must, but always good ships." 


NEWPORT NEWS SHIPBUILDING 
AND DRY DOCK COMPANY 


NEWPORT NEWS, VIRGINIA 
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x ADVERTISEMENTS 


Powered by 


De Laval 


= Geared Turbines 


One of seven De Laval- 
powered super tankers 
built by the Sun Ship- 
building and Dry Dock 
Company for Tankers, 
Inc., for operation by 
the Socony-Vacuum Oil 


Each of these 27,000 ton, deadweight, 628’ Super 
Tankers built by the Sun Shipbuilding and Dry 
Dock Company is powered with a 12,500 SHP De 
Laval cross-compound, double reduction, geared 


turbine propelling unit. 


Write Dept. 4206-29-X 


N-29 


DE LAVAL 


DE LAVAL STEAM TURBINE CO,, TRENTON 2, N. J. 


MARINE DIVISION 


TURBINES e HELICAL GEARS e CENTRIFUGAL BLOWERS AND COMPRESSORS 
CENTRIFUGAL PUMPS » WORM GEAR SPEED REDUCERS e IMO OIL PUMPS 


TANKERS 
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ADVERTISEMENTS x1 


On December 17, 1949, the recently 
completed Ciudad de Barranquilla ar- 
rived in Colombia to begin dredging 
operations in the Magdalena River. The 
vessel is capable of dredging to a depth 
of fifty feet and is equipped with hop- 
pers having a capacity of 1000 cubic 
yards. In addition, two 30” diameter 
discharge pipes have been provided for 
simply pumping the dredged material 
astern of the ship. With the very fine 
silt encountered in the Magdalena 
River, it is thought that the swift 
current will easily carry it out to sea, 
thus greatly simplifying the dredging 
operation. 

The Ciudad de Barranquilla was built 
for the Colombian Government by the 


Gulfport Shipbuilding and Drydock 
Corporation at Port Arthur, Texas. Its 
length overall is 240 feet, with a beam 
of 44 feet. The ship is designed to 
maintain a speed of 11 knots when 
fully loaded. 

Power for this fine new ship is pro- 
vided by 2 C-E Sectional Header Boil- 
ers, each having a nominal steam 
capacity of 16,000 lb per hr at 285 psi 
and 650 F total temperature. 

This modern dredge adds to the long 
list of C-E equipped vessels comprising 
ships of virtually every size and de- 
scription. So whatever your require- 
ments of space, type or operating condi- 
tions, Combustion is prepared to supply - 
boilers exactly suited to your needs. 

B-391A - 


COMBUSTION ENGINEERING= 
SUPERHEATER, Inc. 


200 Madison Avenue, New York 16, N. Y. 


All Types of Steam Generating, Fuel Burning and Related Equipment for Stationary and Marine Applications 
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ADVERTISEMENTS 


PROPULSION GEARING 


The reliability of Farrel gears has been proved at sea 
in a wide variety of Navy vessels, including destroyer 
escorts, patrol craft, seaplane tenders, submarines, 
submarine tenders, mine sweepers, landing craft, tugs 
and miscellaneous service vessels. 

Since 1934, when Farrel started manufacturing 
propulsion gearing, over 1200 ships of more than 


30 different types have been Farrel equipped. 


FARREL-BIRMINGHAM COMPANY, INC. 
Marine Division 
3700 Chrysler Building, 
New York 17, N. Y. 
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ADVERTISEMENTS Xili 


HOW TO KEEP PROPELLER THRUST 


Timken propeller thrust bearing 
mounted on an extension of the 
engine crankshaft and bolted to the 
engine case. 


Timken bearing separate thrust 
block for use between engine and 
propeller shaft. 


Single reduction herringbone gear 
drive with Timken thrust bearing 
mounted on propeller end of main 
shaft. 


IN ITS PLACE 


It's not difficult to stop propeller 
thrust — if you don't care how 
much friction it takes. But that's 
not for this day. Now, thrust can 
be kept in its place with mini- 
mum friction, minimum loss of 
power, minimum wear and with- 
out lubrication difficulties. 


It's done with rollers — Timken 
tapered rollers operating in 
Timken tapered races, providing 
maximum propeller thrust ca- 
pacity and smoothness of opera- 
tion under all water and weather 
conditions. 


Timken marine thrust bearings 
can be built into the propulsion 
units, used in the form of sep- 
arate thrust blocks; or incor- 
porated in marine gear drives. 
Consult your ship builder or our 
engineers. 


THE TIMKEN ROLLER BEARING 
GOMPANY, CANTON 6, OHIO 
Cable Address “TIMROSCO” 


Smoothing the 
Path of Progress 
for 50 Years 


TIMKEN 


TRADE-MARK REG. U. 8. PAT. 


TAPERED ROLLER BEARINGS 
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ADVERTISEMENTS 


In December, 1914, a new ship and an entirely new boiler 


design went on trial together. S.S. Great Northern—later re- 
named H. F. Alexander—was pronounced the finest mer- 


chant vessel built in the U.S.A. up to that time . . . and was first 
to be powered with compact, ical, dep 


B&W two-drum type marine boilers. 

The H. F. Alexander’s original 12 B&W boilers per- 
formed outstandingly for many years in fast, luxury 

service and served in port duty throughout World 

War II on the same vessel, renamed Gen: George S. Simonds. 
and application 
__for EXPERIENCE in design 
of Drum-Type Boilers...it's B&W 


Since 1914, B&W has built and applied many hun- 
dreds of drum-type marine boilers, so admirably suited 
to the need for great power in small space. The 

rugged construction and highly efficient per; 

formance of these boilers are big reasons why 
B&W has been called upon to supply more 
drum-type marine boilers of various de- 

signs than any other builder. The Babcock & Wilcox 
Co., 85 Liberty Street, New York 6, New York. 
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ADVERTISEMENTS XV 


OLDEST 
COMMERCIAL 


PHOTO-ENGRAVING 


HOUSE 


WASHINGTON’S S 


Each Lanman Engraving is 
engineered from a blueprint 
of rigid quality standards and 
precision workmanship .. . for 
quality and service it’s Lanman! 
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CONSULT WESTINGHOUSE! 


Westinghouse is equipped to furnish main drives, auxiliaries, 
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B-3493, DIESEL ELECTRIC MARINE PROPULSION; booklet 
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booklet B-3308A, TURBINE-ELECTRIC MARINE PROPUL- 
SION. Westinghouse Electric Corporation, P. O. Box 868, 
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SECRETARY’S NOTES 
CouNcIL CHANGE 

Captain Homer Ambrose, U.S.N., has been detached from 
duty in Washington. In accordance with the by-laws he thus 
becomes ineligible to complete his term as a Regular Naval Member 
of the Council. The Council has appointed Rear Admiral T. C. 
Lonnquest, U.S.N., to fill the vacancy and Admiral Lonnquest 
has accepted. 

Admiral Lonnquest is Deputy and Assistant Chief of the 
Bureau of Aeronautics. Previously he has served as a member of 


the Council. His new term will expire on 31 December 1950. 


LirE MEMBERSHIP 


The Council has adopted rules and rates for the Life Mem- 


bership which was voted into the by-laws at the last election. 
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The rates were selected at a level which offers no particular finan- 
cial advantage to members who desire the convenience of Life 
Membership. Since the purpose of the amendment was con- 
venience and not to strengthen the treasury of the Society, the 
Council deemed this to be proper. The rates will be found in 


Association Notes on page 548. 


LocaL CHAPTERS 

The rules for the establishment of Local Chapters are pub- 
lished in Association Notes on page 549. These rules were pre- 
pared by a sub-committee appointed by the President and were 
adopted by the Council on 13 April 1950. 

Applications for recognition of Local Chapters should be 
addressed to the Secretary-Treasurer. It is suggested that a copy 
of proposed local by-laws, and list of charter members accom- 
pany the letter application to expedite action. 

ANNUAL BANQUET 

The 1950 annual banquet was held at the Hotel Statler, Wash- 
ington, D. C., on Friday, 28 April 1950. This meeting was marked 
with the same success which has characterized each of the ban- 
quets since the war. Contrary to some expectations, attendance 
was the highest ever, exceeding the record established last year. 


The limiting capacity of the Statler which is the largest in Wash- 
ington has now been reached. 


In order that members who were unable to attend, may have 
an opportunity to read the valuable address which was presented 
by Mr. David Sarnoff, Chairman of the Board of the Radio Cor- 
poration of America, it has been printed and is mailed with this 
issue of the JOURNAL. 

THE JOURNAL 

The last few issues of the JourNAL have carried a diverse 

group of articles. Comment and opinions from readers on the 


nature of the selection will be very helpful to the Editor in pre- 
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SECRETARY'S NOTES 


paring future issues. This assistance is second in importance, only 
to the receipt of original manuscripts which are always welcome. 
The February and May 1950 issues of the JoURNAL appear in 
the format which has now been adopted by the Council as standard. 
No change in format is intended in the future unless sufficient 
adverse comment is received to cause the Council to reconsider the 


matter. 


As a matter of interest, the Editor has reviewed Volume I 
of the JourNAL. This was the issue of 1889. The four issues con- 
tained 23 original articles by authors, many of whom were or 
became distinguished Naval Engineers. The total content of the 
first volume on a word-count basis was about 10 per cent less than 
that of each of the last four single issues. We have thus established 
a capacity for fostering original naval engineering thinking at 
about five times the original capacity. This is intended as an 
invitation to today’s and tomorrow’s outstanding naval engineers 


to offer the fruits of their originality to the Society. 


MeEmMBERSHIP LIST 


The new membership list has been mailed. In case errors 
appear in the listing of any member who filled out and returned 
the data form, the editorial staff will acknowledge full responsi- 
bility. 
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LST—Carrying LCT and LCVP. 


PART ONE 


ORIGINAL ARTICLES 


The articles which the Editor, acting under the supervision of 
the Council, has accepted for publication in Part One are the 
original works of the authors.. 


They are offered in furtherance of the Society’s raison d'etre: 
to further the advancement of naval engineering. Discussion of 
any article is invited for publication in a subsequent issue. 


Permission to reprint is freely granted: on condition that full 
acknowledgment is given to the author and to the JouRNAL OF 
THE AMERICAN SOCIETY OF NAVAL ENGINEERS. 


All articles which have been written by naval personnel and are 
published herein carry the personal view of the authors and, unless 
specifically so stated, do not express the official views of the Navy 
Department. 
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FREE PISTON GASIFIERS 


Official U. 8S. Navy Frhotograpnh 


-~ OPERATIONAL STABILITY OF FREE 
| PISTON GASIFIERS 


R. HUBER 


THE AUTHOR 


is Technical Director of Bureau Technique Pescara in Paris. He is a native 
of Switzerland and graduated from the Federal Institute of Technology in 
Zurich some twenty-five years ago, a favorite pupil of the renowned Stodola. That 
spring a French inventor came to Stodola looking for a “bright young man” to 
engineer some of his revolutionary ideas on a light propelling plant for a heli- 
copter. It was fortunate that R. Pescara, the dreamer and glib-tongued persuader, 
chose Huber the engineer, who was young and capable and devoid of any inhibi- 
tions on the constructional details to be used in developing the new free piston 
machinery. Under his supervision over twenty-five different sizes and types of 
free piston machinery were designed and seventeen were built and tested. The 
war added tribulations to the new enterprise located as it was in Paris but it 
also stiffened the determination of these pioneers. At war’s end a new start was 
made and this time the world appears to be ready to recognize the merits of the 
free piston gasifier. The JouRNAL deems it a privilege to offer its readers R. 
Huber’s original analysis on operational stability of free piston gasifiers—a subject 
on which many honest and conscientious engineers have apprehensions. 


Port bow aerial view of the aircraft carrier U.S.S. Lexington. 


The free piston gasifiers or gas gene- 
rators feeding a gas turbine have found 
industrial application in France. 

To this new type of heat engine, the 
Diesel engine furnishes the advantage 
inherent to it, i.e. combustion at high 
efficiency, while the gas turbine on the 
other hand develops mechanical energy 
under optimum conditions of exploita- 
tion of structural materials, thus with a 
very high power factor per unit weight. 


The cycle is characterized by an ini- 
tial expansion of the combustion gases 
in a reciprocating engine followed by 
expansion in the turbine which produces 
the useful energy. This cycle has been 
achieved in practice by using a highly 
supercharged internal. combustion cyl- 
inder in which the supercharging was 
produced by a compressor driven by 
the engine itself. 
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FREE PISTON GASIFIERS 


Figure I—-Diagrammatic Sketch of a Free Piston Gasifier and Gas Turbine Including 
Pressure Volume Diagrams of the Power, Compressor and Cushion Cylinders. 


A—Gasifier 
B—Receiver 
C—Gas turbine 
1—piston 
2—power cylinder 
3—cushion or bounce cylinder 
4—compressor cylinder 
5—intake valves 


Free piston gasifiers lend themselves 
particularly well to the attainment of 
this cycle. Absence of a mechanical limit 
to the stroke of the pistons permits 
adapting the position of the inner dead 
center to the degree of supercharging 
of the cylinders. Furthermore, the ther- 
mal effect of the gases on the cylinder 
walls is reduced, owing to the high 
acceleration of the pistons during com- 
bustion which reduces the time during 
which the walls are subjected to gases 
at high pressures and temperatures. 

Among the problems to be solved in 


the course of development of these ma- . 


chines one of the most difficult was 
concerned with the absolutely uniform 
and constant operation of a piston not 


6—discharge valves 

7—fuel injector 

10—p-V diagram of power cylinder 
11—p-V diagram of cushion cylinder 
12—p-V diagram of compressor 


attached to an assembly consisting of 
connecting rod and crankshaft. At first 
sight it may appear that elimination of 
the classical connecting rod and crank- 
shaft linkage, used at present in all 
internal combustion engines would nec- 
essarily culminate in a sensitively bal- 
anced operation, and that minor dis- 
turbances or misadjustments would 
cause the engine to operate irregularly 
and even cause it to stall, ie., would 
“kill” the engine. However, many gasi- 
fiers of this type were built up to the 
present and have run for thousands of 
operating hours without a single inci- 
dent attributable to the absence of wrist 
pins, con-rods and crankshafts. 
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FREE PISTON GASIFIERS 


STRUCTURE AND OPERATION OF THE GASIFIER 


The gasifiers used for the tests to be 
discussed herein have been described 
elsewhere in great detail. Therefore, it 
will be sufficient in the following to 
consider only briefly the fundamental 
concepts involved and the operation of 
the unit, while measures taken to in- 
sure stable operation will be studied in 
greater detail. 

The gasifier arrangement finally 
adopted after testing various other types 
is shown in Figure 1. 

The gasifier A contains two opposed 
step pistons (1) of equal and symmetric 
stroke. The power cylinder (2) is in 
the center. It operates as a two-stroke 
Diesel engine supercharged to a pres- 
sure of several atmospheres. The two 
single-acting compressor cylinders (4) 
are located on both ends of the central 
housing. The end spaces (3) constitute 
the cushion or bounce chambers which 
store the energy for the return stroke. 
The compressed air is used for scaveng- 
ing and charging of the power cylinder, 
of the unit. Fresh air is aspirated 
through valves (5) and is discharged 
through the valves (6) into the space 
surrounding the power cylinder. The 
fuel is injected by several injectors (7), 
mounted in the center of the combus- 
tion chamber. 

The hot combustion gases, mixed with 
the excess scavenging air, exhaust into 
receiver B and then flow through the 
gas turbine C which alone produces the 
useful power, i.e., is the prime mover of 
the unit. 

During the outward stroke of the pis- 
tons all of the energy developed by 
combustion in the power cylinder, aug- 
mented by the re-expansion of air in 
the clearance space of the compressor 
cylinders, is stored in the cushion cham- 
bers (3). The work developed during 
this stroke is represented by the verti- 
cally cross-hatched areas in the pressure 
volume diagrams (10) and (12) for the 
power and compressor cylinders. This 
energy is subsequently recovered, except 


for friction losses, as shown in the p-V 
diagram (11) of the cushion or bounce 
cylinders. 

During the inward stroke the air com- 
pressed in the cushion chambers drives 
the pistons back toward the center with 
a power sufficient (a) to compress and 
discharge the air in the compressor cyl- 
inders and (b) to compress the air used 
for combustion in the power cylinder. 
The work of this stroke is illustrated 
schematically by the areas cross-hatched 
horizontally in diagrams (10), (11), 
and (12) of Figure 1. 

The air pressure in the cushion cyl- 
inders for different load conditions is 
regulated by a stabilizer designed so 
that the mean pressure in the cushion 
is independent of the stroke and varies 
linearly with the discharge pressure of 
the compressor. 

The distance of the outer dead-center 
from the central plane through the in- 
jectors increases with increasing output. 
On the other hand, the work absorbed 
by the compressor grows also with dis- 
tance to the outer dead-center, since the 
quantity of air aspirated is increased. 
For differing positions of the outer 
dead-center, the energy accumulated in 
the bounce chambers and the energy re- 
quired by the compressors vary in the 
same sense and approximately by the 
same value, so that the energy required 
for compression of air for combustion 
is practically constant. Therefore, for a 
given output gas pressure, nearly the 
same end pressure in the power cylinder 
is obtained for all positions of the outer 
dead-center. 

The two pistons are connected by a 
mechanical linkage which equalizes the 
slight, inevitable inequalities due to fric- 
tion, wear, and intake air pressure. 
However, this synchronizing gear does 
not limit the stroke of these free pistons 
either inward or outward. 

Since this synchronizing gear cannot 
prevent the pistons either from colliding 
with each other or from impact with the 
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FREE PISTON GASIFIERS 


1—housing 
2—compressor cylinder 
3—cylinder head 
4—power cylinder 
5—-scavenging air receiver 
6—intake valves 
7—discharge valves 


cylinder heads at the end of the outward 
stroke, it is obvious that absolutely in- 
fallible means must be provided to pre- 
vent such accidents which would lead to 
destruction of the machine. The gasifier 
may be equipped with a regulator to 
maintain a desired stroke for instance. 
However such a regulator would have 
to respond at very high speed, as the 
stroke may vary in length from one cycle 
to the next, in less than 1/10 second. 
It is to be feared, that the response of 
such regulators would be too slow. 


Power cylinder bore .......... 
Compressor cylinder bore...... 
Maximum stroke possible...... 
Useful stroke at full load....... 
Number of cycles per minute... 
Gas pressure at full load....... 


Gas temperature 


Thermal efficiency of gas....... 


* Based on adiabetic expansion. 


Figure 2.—Vertical Section Free Piston Gasifier, Model GS-34. 


8—piston guide 
9—cooling oil inlet 
10—cooling oil discharge 
11—stuffing box 
12—starter 
13—stabilizer 
14—exhaust duct 


It seemed more desirable to design a 
gasifier without reliance on stroke regu- 
lators or the like and to assure absolute 
reliability of operation by judicious 
dimensioning of the parts and by proper 
balancing of power compressor and 
bounce cylinder sizes. 

The gasifiers considered in the fol- 
lowing study were all designed accord- 
ing to the foregoing principle. Figure 
2 shows a longitudinal section through 
one of these gasifiers, Model GS-34, 
with principal characteristics and dimen- 
sion as follows: 


eta 340 mm (13.386 inches ) 
900 mm (35.433 inches) 
MB Tee 550 mm (21.654 inches) 
Ay 443 mm (17.441 inches) 
613 

Sather 3.5 kg/cm? 49.70 psig 
507°C (944°F) 

41.5%* 

1350 H. P.* 


Fig 
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FREE PISTON GASIFIERS 


REGULATION 


Variation of the horsepower of the 
turbine fed by one or more gasifiers is 
obtained by simultaneous variation of 
pressure and output of the gases pro- 
duced by the gasifiers. Thus all efficiency 
losses resulting from turbulence ahead 
of the turbine are avoided. 


As shown in Figure 4, the turbine 
speed governor (1) acts directly on the 
fuel injection pump (2) of the gasifier 
movable stop (3) between the two cam 
faces (4) is subject to gas pressure 
acting on the piston (5) and fixes the 
limits of the stroke of the fuel injection 
pump and thus adapts the maximum and 
minimum limits of possible fuel charge 
to the range of operation as determined 
by the gas pressure to the turbine. 

The frequency or number of piston 
cycles varies but slightly with the load. 
To adapt the gas output to changes in 
turbine load, the position of the outer 
dead-center must therefore be shifted— 
it must be moved away from the center 


Figure 3—Outside View of Free Piston 
Gasifier, Model GS-34. 


as the power increases. In the gasifier 
being considered, the outer dead-center 
may occupy any position ranging from 
360 to 550 mm (14.17 to 21.65 inches) 
from the center of the machine. How- 
ever such a great variation is not neces- 
sary for adapting the output of the gasi- 
fier to the consumption of the turbine. 
In actual practice, the dead-center posi- 
tions fall within a range between 380 
to 480 mm (14.96 to 18.90 inches) from 
the center of the machine. 


Figure 4.—Schematic Arrangement of 
Controls. 

A—gasifier 

B—receiver 

C—turbine 


1—speed governor 

2—fuel injection pump 

3—movable stop 

4—minimum and maximum output cam 
5—movable stop control piston 


PISTON STROKE RECORDS 


The records of successive piston 
strokes offer a very accurate means for 
analysis and study of the operation of 
the gasifier without parallel or equiva- 
lent in crank-connected machinery. These 
records show the position of the dead- 
centers, both inner and outer, very ac- 
curately with respect to the center of 


the machine from which may be deter- 
mined the compression pressure within 
the power cylinder, the instantaneous 
load carried, as well as the regulation of 
successive cycles. The stroke indicator 
used on these gasifiers includes a stylus 
connected rigidly to one of the pistons 
and records on a rotating drum the 
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FREE PISTON GASIFIERS 


actual length of stroke—see Figure 5. 

A stroke diagram with constant fuel 
injection is reproduced in Figure 6. It 
will be noted from this diagram that the 
regularity of stroke is very high. The 
maximum deviations of the outer dead- 
center with respect to the mean position 
do not exceed 1.4 mm (+ 0.05512 inch). 
For these positions of the outer dead- 
center, the effective pressure in the 
bounce cylinder is equal to 4.6 kg/cm? 
(65.32 psig). The energy variation due 
to these irregularities is 41 kgm (296.55 
ft lbs) and, since the indicated output 
equals 3430 kgm (2480.9 ft Ibs), these 
fluctuations will be of the order of 
+ 1.2%. In reality the power output 
varies even less, since the displacements 
of the outer dead-center are not caused 


Figure 5.—Piston Stroke Indicator. 


solely by the small differences of gasi- 
fier output from one stroke to the next, 
but include also the variations of the 
compressor work and friction losses. 
Such an observation would be difficult, 
if not impossible, to make on a standard 
Diesel engine, because an indicator card 
for a single power cycle cannot be taken 


Figure ——— Diagram with Constant Fuel Injection. 


ee 


M.I. —inner dead-center 


P.M.E. —outer dead-center 
—center of the machine 
—outer stroke limit 
—edge of exhaust ports 
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FREE PISTON GASIFIERS 


Figure 7—Stroke Diagram 


with Momentary Increase and Decrease of the Quantity of 


Fuel Injected. 


P—increase in fuel injected 
M—decrease in fuel injected 


B—position of dead-center, standard operation 
B’, B”, B’”—position of dead-center determined graphically on Figure 9 


with sufficient accuracy to avoid devia- 
tions of about 1% between two dia- 
grams. Evaluation of numerous stroke 
diagrams indicates that the maximum 
fluctuations of the motor and compressor 
work are less than 1 per cent. These dia- 
grams reveal, furthermore, the very 
great regularity of operation of the fuel 
injection equipment as well as the con- 
stancy of friction. 

Stroke records constitute, moreover, 
a very practical means of tracing the 
changes resulting from momentary dis- 
turbances, notably injection troubles. For 
test purposes, such disturbances are re- 
produced by varying the amount of fuel 
injected for a period of several cycles. 
The stroke diagram shown in Figure 7 
shows the records taken under such 
conditions; P denotes the case for an 
increase of the stroke, whereas M shows 


a decrease of the latter. The displace- 
ment of the outer dead-center was in 
both cases approximately 40 mm 
(1.5748”). Moreover, at the instant of 
cessation of this disturbance, the orig- 
inal, normal dead-center is restored 
within a few strokes without the least 
instability effect, causing, for example, a 
fluctuation of the outer dead-center about 
some mean position. These diagrams 
show, therefore, that there is a very 
pronounced tendency on the part of the 
gasifier to readjust itself to standard 
operation after each interruption of 
normal running. In accordance with 
standard terminology, this tendency will 
be termed Operational Stability of the 
gasifier. The degree of stability of a 
gasifier depends on the arrangement and 
on the dimensions of the power compres- 
sor and bounce cylinders. 
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ENERGY DIAGRAM OF A GASIFIER 


To study the behavior of a gasifier 
with respect to its operational stability, 
a graphic representation of the energies 
involved may be used to permit tracing 
the evolution of the successive cycles. 
Figure 8 shows such an energy diagram 
for a gasifier, based on Model GS-34 
operating at a gas discharge pressure to 
the turbine of 2.5 kg/cm? (35.5 psig). 
Similar diagrams can be plotted for 
other operating pressures. 

The abscissa of the diagram represents 
the stroke of one of the pistons, while 
the upward ordinates represent the ener- 
gies involved per piston (for one side 
of the unit) during the outward stroke 
and the downward ordinates represent 
the energies of the return stroke. 

The total energy including the expan- 
sion energy of the air in the clearance 
space of the compressor during the out- 
ward stroke is represented by a family 
of curves a, as a function of the various 
possible positions of the inner dead- 
center and for different values of excess 
combustion air. 

This value is characterized by the 
ratio: 


the remoteness of the outer dead-center 
from the midpoint. This is apparent 
from the card of power cylinder shown 
in Figure 8. To simplify the graph, 
curves a may be made independent of 
the stroke length by deducting from the 
sum of the energies the work corre- 
sponding to the horizontally  cross- 
hatched portion and by decreasing the 
energy of the cushion by the same 
amount, as represented by curves b and 

These two curves b and c, symmetrical 
with respect to the axis of the abscissas, 
in reality represent the exact value only 
for a given inner dead center. However. 
the slight displacement of this dead- 
center permits neglecting its effect on the 
slope of the curve. The curves d, and 
d, represent, as function of the inner 
dead center, the energy absorbed by the 
power and compressor pistons during 
the return stroke. Curve d, is valid for 
the position of the outer dead center at 
360 mm (14.173 inches) from the mid- 


__ Actual weight of air available for combustion 


~~ Theoretically required weight of air 


Thus X = 2 corresponds to a 100% excess of air. 


The limits X, and X, between which 
the inner dead-center may vary, cor- 
respond to final compression pressures 
of combustion air in the power cylinder 
of 30 and 100 kg/cm? (426 and 1420 
psi). The value of 100 kg/cm? may ap- 
pear very high, but tests have shown 
that the absence of a mechanism subject 
to power cylinder pressures makes opera- 
tion perfectly possible, even under such 
conditions. These curves are based on 
heat losses during combustion deter- 
mined experimentally as a function of 
compression pressure and of X. 

The power supplied at constant pres- 
sure during the scavenging cycle de- 
pends on the length of the stroke, i.e., 


point, and d, for a distance of 550 mm 
(21.654 inches) from the center. An 
intermediate curve d between d, and d, 
corresponds to a curve c, for the bounce 
energy as a function of the outer dead 
center. 

The points of intersection of d with 
d, and d, were obtained by drawing, for 
the positions of the outer dead center of 
360 and 550 mm (14.173 and 21.654 
inches), the connecting lines 1, and 1,. 
These lines are slanted to consider ener- 
gy losses by friction which were deter- 
mined by tests as equal to 740 kgm per 
meter of stroke. The drawing shows the 
angle of inclination corresponding to 
this friction value. 
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d, 
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Cc 
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Hl 
Figure 8.—Energy Diagram of a Gasifier 
a —curves of power stroke energy as a function of and the position of the 
inner dead center 

b —-curve of power stroke resistance 

c —curve of return stroke propulsive energy 

d,di,de—curves of return stroke resistance ' 

e —final compression pressure as function of the position of inner dead center 

—pressure 

S —stroke 


Xi,X2—position of inner dead-center for compression pressures of 30 and 100 


kg/cm? (426 and 1420 psi) 
1,1,,1, —connecting lines for 740 kg m per meter of friction stroke 
—-position of outer dead center 
The scale of energy refers to a single piston of Model GS-34. 
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ENERGY DIAGRAM FOR A NORMAL RANGE OF OPERATION 


Once the above diagram has been 
plotted, a cycle can be traced in the op- 
posite direction. For example, by fixing 
the power cylinder compression at 50 
kg/cm? (710 psi), or the inner dead 
center at 34 mm (1.3386 inch) from 
the center, we proceed from point (D) 
on curve d toward point (C) on curve 
c by connecting these two points by a 
slanting straight line, to allow for the 
friction. From (C) we draw the per- 
pendicular to find (B) and, from there, 
a new slanted line toward (A) which is 
found likewise at 34 mm (1.3386 inch) 
from the center. The value of X for the 
motor in this case proves to be 2.5. 

This energy diagram reveals in a very 
concise form the energies involved for 
normal operation. It also permits deter- 
mination of energies required to reach 
the stroke limits mechanically possible, 
for both power and return strokes. This 
diagram also shows that to increase the 
distance of the outer dead center from 
440 mm (17.323 inches) to the extreme 
point of 550 mm (21.654 inches) an 
additional energy of 68% would have 
to be developed in the power cylinder. 

If we admit that the power developed 
can never exceed the value indicated by 
the curve at A = 1.25, because for lower 
excess of air, combustion could no longer 
be complete. then it is obvious that, even 
if a greater quantity of fuel were in- 
jected, the pistons would still stop well 
before reaching the mechanical limit of 
their stroke for lack of air to support 
combustion. 

In reality. the danger of an impact 
at the end of the stroke is even less 


grave, since the quantity of fuel injected 
could never attain the high value cor- 
responding to \ = 1.25. Furthermore, 
we have shown in Figure 4 that the 
quantity of fuel injected per stroke is 
limited by a mechanical device. Hence, 
for the operating case shown in the 
energy diagram, \ could never exceed 
the values ranging from 1.8 to 3.5. 

Another important fact is apparent 
from this diagram: it is impossible for 
the pistons to hit each other at the inner 
dead center even if the cushions were to 
return the pistons with the maximum 
energy possible. Should the extreme 
outer dead center of 550 mm (21.654 
inches) be reached accidentally, the com- 
pression pressure in the power cylinder 
will scarcely exceed 100 kg/cm? and 
therefore the pistons will stop about 40 
mm (1.5748 inch) from the center. Fur- 
thermore, it is apparent from the very 
sharp slope of the curve d that the posi- 
tion of the inner dead center varies but 
little, even if the return stroke energy 
is variable as a result of a shift in the 
position of the outer dead center. Hence, 
for all strokes, power cylinder compres- 
sion pressure is of practically constant 
value. 

The basic conclusion to be drawn 
from the study of these energy diagrams 
is the absolute impossibility of impact 
between the power pistons or between 
the compressor piston and the bounce 
cylinder head. Furthermore, this abso- 
lute safety of operation is obtained solely 
by the correct choice of dimensions and 
by selection of proper capacities for 
power, compressor and bounce cylinders. 


ENERGY DIAGRAM FOR BRIEF DISTURBANCES 


Energy diagrams on the other hand 
may also serve to check the degree of 
operational stability of a gasifier, this 
degree being characterized by the num- 
ber of cycles of operation required for 


the machine to return to the state of 
operation prevailing before the brief 
disturbance occurred, without interven- 
tion of the governor as shown on the 
stroke diagram, Figure 7. 
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Figure 9 shows the energy curves as 
a function of the positions of the inner 
and outer dead centers which appear 
already in Figure 8. Operation before 
the disturbance is defined by the lines 
A-B-C-D of the energy cycle, with 
\ = 2.5 and the outer dead center at 
440 mm (17.3230 inches) from the cen- 
ter of the machine. 

Assuming now that fuel injection be 
increased by 39% of the quantity in- 
jected during a single stroke, then point 
A shifts to A’ and the stroke lengthens 
to B’ which is situated at a distance of 
477 mm (18.780 inches) from the cen- 
ter. From C’ the pistons are bounced 
toward the inner dead center with more 
energy. They stop at D’, located 8 mm 
(0.315 inch) closer to the center of the 
machine than previously. During the 
following stroke this disturbance of 
normal operation is assumed to cease. 
Thereupon, the cycle follows the lines 
A’’-B’’-C’’-D’’. The outer dead center 
has now come closer to center by 14 
mm (0.5512 inch) and the displace- 
ment of the inner dead center is no more 
than 3 mm (0.1181 inch). During the 
second stroke following this momentary 
increase of fuel injected the pistons are 
at B’’’ and have practically resumed 
the original state of operation. 

The points B’, B’’, and B’’’, deter- 
mined graphically with respect to the 
position of the normal dead center B, 
are indicated in Figure 7. The degree 
of stability, as evident from the diagram 
in Figure 9, is determined by the slope 
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Figure 9—Energy Diagram of a Gasifier 
A-B-C-D —cycle before disturb- 


ance 
A’-B’-C’-D’ —cycle during disturb- 


ance 

A”-B”-C”-D”—first cycle after dis- 
turbance 

| —position of outer dead 
center for second cycle 
after disturbance 

AQ —momentary increase of 
the quantity of fuel in- 
jected in % 


ot the curve d with respect to the 
abscissa, as compared to the slope of 
the curves a. It can be seen that if, as 
a result of an improper dimensioning of 
the various cylinder capacities involved, 
the curves d were of lesser slope than 
curves a, unstable operation would re- 
sult and the slightest maladjustment 
would cause the gasifier to stall. 


ENERGY DIAGRAM WITH CONSTANT MEAN PRESSURE IN BOUNCE CYLINDER 


Up to the present, we have assumed 
that during the various cycles examined 
the pressure diagrams and energy of 
the bounce cylinders remained constant, 
or that the air mass trapped in the 
bounce cylinders remained invariable. 
This assumption is true only as far as 
very brief disturbances of normal opera- 
tion are concerned. However, if the 


stroke variations persist through sev- 
eral successive cycles, the governor 
which regulates the air pressure in the 
bounce cylinders has time to respond 
and to change the air-mass to suit new 
operating conditions. This stabilizer is 
designed, as mentioned previously, to 
maintain in the bounce cylinders a mean 
constant pressure independent of the 
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length of the stroke for any given com- 
pression pressure. If an increased gas 
output is needed and the stroke lengthens 
for several cycles and the mean pres- 
sure rises, the stabilizer will then permit 
a small quantity of air to escape from 
the bounce cylinder to restore the orig- 
inal mean pressure. The energy accu- 
mulated in the bounce cylinder at con- 
stant mean pressure is represented on 
the energy diagram, Figure 10, by 
curves b’ and c’ which replace curves 
b and c such as would have been ob- 
tained for the case of a constant quan- 
tity of air in the bounce cylinder. 


For the curve c’, representing the ener- 
gy of the bounce cylinder for the return 
stroke, there corresponds a curve d’ 
for a given value of the friction. It will 
be noted that in this case the stroke 
variations affect the compression stroke 
pressures even less than in the diagram, 
Figure 8. Thus, for all positions of the 
outer dead centers between 360 and 550 
mm (14.173 and 21.654 inches), the 
compression pressure in the power cyl- 
inder will vary only between 42 and 
55 kg/cm? (596.4 and 781.0 psi). 

On Figure 8 it has been shown that 
in no case could the pistons reach their 
possible stroke limit in outward direc- 
tion. On the other hand, Figure 10 
showing the energy diagram for constant 
mean bounce cylinder pressure could 
lead us to believe that an impact between 
the piston and cylinder head may occur, 
since for = 1.4 the pistons could at- 
tain the limit of possible stroke under 
certain conditions. In reality, this hazard 
can easily be avoided by including a 
safety device, similar to a turbine over- 
speed governor which would stop the 
gasifier whenever an arbitrarily set 
stroke length were exceeded. 

Such a safety device would not be an 
absolutely certain guarantee if it had 
to respond between two successive 
strokes. However, for operation at con- 
stant mean bounce cylinder pressure as 
represented in Figure 10, the time-base 
requisite to vary the air-mass in the 


8000: 


a 
6000. 
4 
2. 
lA 25 


“B | 
agfem’ | 
100. 
\ 
e 
| 
° “a 4 
O} %| 100 200 300 400 Y SOO SSO” 


Figure 10.—Energy Diagram for Constant 
Mean Pressure in Bounce Cylinder 


A-B-C-D —cycle at normal friction 
A’-B’-C’-D’—cycle at maximum fric- 
tion 


b,c —energy of constant air 
mass in bounce cylinder 

b’,c’ —energy with constant 
mean pressure in bounce 
cylinder 

d’ —resistance at inner dead 


center, to match bounce 
energy as per curve c’ 


bounce cylinders would be quite suffi- 
cient to permit the safety device to 
respond in time. 

The time required for the bounce cyl- 
inder pressure to adapt itself to a new 
position of the outer dead center can 
likewise be read off the stroke diagram, 
as Figure 11 shows, where the shorter 
strokes last through several cycles. The 
fuel injection was reduced at point A 
by about one-third. The inner dead cen- 
ter first shifts outward, but after about 
six cycles it returns practically to its 
former position, thus indicating that the 
pressure adjustment in the cushion is 
complete. The time necessary for this 
adaptation was about 0.6 second. A 
displacement of the position of the inner 
dead center of the same order of magni- 
tude but of inverse direction is shown 
between points C and D when the fuel 
injected has again been increased to its 
original value. 
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ENERGY DIAGRAM WITH MAXIMUM FRICTION 


The effect of friction on the operation 
of gasifiers can likewise be studied with 
the aid of energy diagrams. Thus, on the 
graph in Figure 10 are shown the 
operating conditions with maximum 
friction above which operation is no 
longer possible, even if the governor 
controlling the fuel injection pumps were 
to open them to the maximum permitted 
by the cam mechanism, let us say to 

The diagram of operation with maxi- 
mum friction A’-B’-C’-D’ reveals that 
the gasifier can operate no longer if the 
mechanical losses attain a value above 
five times their normal value, i.e. 3700 
kg m per meter of stroke. This property 
of free piston engines constitutes a very 
efficient protection against serious dam- 
age since even comparatively slight 
scoring or friction stops the machine 
before serious damage has been pro- 
duced. In this case, the lack of a flywheel 
is an advantage compared to engines of 
classical design where the energy stored 
in the flywheel often aggravates the 
damage. 


In addition, it is highly improbable 
that the friction will increase exces- 
sively, for the least variation in mechan- 
ical losses is indicated instantly by the 
stroke recording indicator. 


> 
‘ 


te 


‘ 


Figure 11.—Stroke Diagram with Pro- 
longed Displacement of Outer Dead 
Center 


In A—fuel charge reduced about 30% 

In B—inner dead center restored to 
initial position 

In C—fuel charge increased by 30% 

In D—inner dead center restored to 
initial position 


OPERATION WITH DEFECTIVE VALVES 


Among other troubles which may arise 
and are easily recognizable on test, we 
may mention the failure of the auto- 
matic intake and discharge valves of 
the compressor. Tests were made by 
connecting the scavenging air receiver 
to the compressor cylinder by a duct 
provided with a gate valve on the one 
hand and the compressor cylinder to the 
ambient air on the other. In this way 
the failure of the intake and discharge 
valves can be simulated. The flow area 
of the by-pass duct was 14 cm? (2.17 
inches’) representing a considerable part 
of total flow which could exist only 
when several valves have failed or were 
badly worn. The stroke diagram, Figure 


12, shows that the effect of such a leak, 
even though it is a considerable one, is 
scarcely perceptible. On these two dia- 
grams the piston strokes were first re- 
corded with the by-pass gate valve 
closed. At point A, the gate valve be- 
tween the receiver and the compressor 
cylinder was opened suddenly; at point 
B, the gate valve between the compres- 
sor cylinder and the ambient air was 
also opened rapidly. In both cases the 
leakage was practically without effect 
on the operation of the gasifier. These 
machines apparently could stand con- 
siderably greater leaks without deleteri- 
ous results. 
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Figure 12.—Stroke Diagram 
A—leak receiver to compressor cylinder 
B—leak compressor cylinder to atmosphere 


The above study of operational sta- jaulty fuel injection, excessive friction, 
bility shows that free piston gasifiers or leaky valves, normal operation under- 
will operate with perfect reliability and — goes scarcely any change whatever. On 
uniformity despite the absence of crank- the other hand, the elimination of the 
shaft restraint. Collision of the two 

classical crank mechanism results in 
power pistons or impact between the ce ‘ 
compressor pistons and cylinder heads eat flexibility of operation and easy 
is absolutely impossible. Even in the adaptation to the variations of output 
case of temporary disturbances due to of the turbine fed by the gasifier. 
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CAPTAIN SPRUNG graduated from the United States Naval Academy in 1923. 
As a member of the Construction Corps until its amalgamation with the line, 
since when he has been designated as an Engineering Duty Officer, Captain 
Sprung acquired wide experience in practical naval accounting both ‘in Naval 
Shipyards and in the Navy Department. This article was suggested by a member 
and was kindly prepared by Captain Sprung at the request of the Editor. It is 
presented as a basic document in a more popular and understandable form than 
It is basic because after 40 years there are impending 
changes and this article describes the base on which any such changes will be 


SPRUNG, U.S.N. 


It seems advisable to preface this 
article by reference to the dictionary. 
In Merriam-Webster Unabridged, I 
find these definitions, the italics being 
mine. 

ACCOUNT ... Also the series of 
items occurring under any one heading 
in the ledger of a business concern, or 
the final balance due on such a series. 

ACCOUNTING ... The art or sys- 
tem of making up or stating accounts ; 
the body of scientific principles under- 
lying the keeping and explanation of 
business accounts. 

COST ACCOUNTING ... Any sys- 
tem of accounts which reveals the cost 
elements of material, labor and over- 
head incident to the production and 
distribution of a commodity or the ren- 
dering of a service; also the keeping of 
such accounts. 

I thus understand from these defini- 
tions that an account is but a classi- 
fication of money into a single and 


separate relationship series. I also un- 
derstand that cost accounting is a sys- 
tem of accounts (plural) whose purpose 
is to reveal the cost elements of labor. 
material and overhead. 

Now most everyone understands what 
constitutes labor and material, but what 
is overhead? Again, let us go to the 
dictionary. 

OVERHEAD those general 
charges of expenses or expenses collec- 
tively in any business which cannot be 
charged up as belonging exclusively to 
any part of the work or product as rent, 
taxes, insurance, lighting, heating, ac- 
counting and other office expenses and 
depreciation. 

It is interesting to see the Navy’s 
definition of overhead. Referring to 
paragraph 67000 of the Bureau of Sup- 
plies and Accounts Manual, we have: 
“Total overhead expenses include all 
costs that are not charged directly to 
productive work. Examples of those 
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costs are depreciation, disability, direct 
expenses of productive shops, drydock 
and marine railway expenses and main- 
tenance and operating expenses of the 
general expense functions.” It is thus 
seen that, except for the different terms 
used, which are distinctive within the 
Navy, the definition is substantially 
identical with that given by Merriam- 
Webster. 

The title of this article is “Naval 
Shipyard Cost Accounting.” But since 
by definition cost accounting is but a 
system of accounts to reveal certain 
cost elements, then in order to discuss 
the system I must first discuss the ele- 
ments of the system, that is, accounts. 

By definition an account is a classi- 
fication of money transaction and in 
the National Budget we find large 
classifications identified to the various 
branches of the Government, such as to 
the Department of Agriculture; to the 
Department of Commerce; and among 
others, to the Department of the Navy. 
In the funds coming to the Navy I find 
other classifications. The Navy knows 
these by the titles “Appropriations” or 
“Funds.” Thus we have Appropriation, 
Maintenance, Bureau of Ships; Main- 
tenance, Supplies and Accounts; and 
many others. A cursory count in the 
Supplies and Accounts Manual lists 
some 200-odd appropriations or funds. 
Some of these classifications are for 
different fiscal years, currently of fiscal 
years 1948, 1949 and 1950. Some of these 
appropriations are not restricted to a 
fiscal year but are continuing, presum- 
ably until the funds appropriated there- 
under are expended, or authority to 
expend is voided by an Act of Congress, 
or until the objective of the appropria- 
tion is completed. 

The organization of the Department 
of the Navy into Bureaus and Offices is 
basically a functional type of organiza- 
tion. So it is not surprising to find that 


certain appropriations are associated: 


with, or fall under the cognizance of 


single Bureaus or Offices. Thus appro- 
priation 1701002, Medical Department, 
Navy 1950, is assigned to the Bureau of 
Medicine and Surgery as the cognizant 
Bureau. 1701601, Maintenance, Bureau 
of Ships, 1950, goes to the Bureau of 
Ships; 1790307, Operation and Conser- 
vation of Naval Petroleum Reserves, 
1949, goes to the Office of the Secretary, 
and so on for each and every appropria- 
tion or fund. 


Each of these accounts or appropria- 
tions has _ sub-classifications or sub- 
accounts. These are known as “Expendi- 
ture Accounts.” Such accounts serve to 
classify all funds expended according to 
the end-use or purpose for which such 
expenditures are made. The reason for 
so classifying expenditures is to provide 
a detailed analysis of the cost of main- 
taining and operating the Navy De- 
partment and the Naval Service. Such 
analysis is required in order to accom- 
plish the following: 

1. Effective administrative control of 
the purposes for which appropria- 
tions and funds are expended. 

2. Preparation of budget estimates 
which correctly reflect the require- 
ments of the Navy Department 
and the Naval Service and which 
can be justified successfully before 
Congress. 

3. Preparation of statistical reports 
required by Congress showing the 
purpose for which appropriation 
of funds have been extended. 

4. Comparison of the cost for per- 
forming certain work at a Naval 
activity with the cost of having it 
done at a private concern. 

5. Comparison of the cost for per- 
forming work between activities 
within the Naval establishment. 

The entire family of expenditure ac- 
counts is a broad one and is so designed 
to cover any type of end-use expendi- 
ture. Within the family are accounts for 
ship repair, ship alterations, ordnance, 
etc. For the purpose of this article the 
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most significant expenditure accounts 
fall into the 44000 and 45000 Series. In 
those series nearly all overhead charges 
are classified. It will be profitable to 
examine these series in somewhat 
greater detail. 

Referring to the Bureau of Supplies 
and Accounts Manual, paragraph 72219, 
the items chargeable under 44000 Series, 
Plant Maintenance, Upkeep and Re- 
pairs, are as follows: 


1. Maintenance, upkeep and repairs 
of land, buildings and improve- 
ments, and equipment, which do 
not result in increasing the value 
of the property. I digress here to 
state that should it increase the 
value of the property, such costs 
are charged to plant account, as a 
fixed asset, or capital expenditure. 

2. Maintenance, Upkeep and Repairs 
of Miscellaneous Equipment, Plant 
Appliances, Machinery and Ma- 
chine tools, portable Power Tools 
and Loose and Hand Tools. 

3. Replacements and additions of 
Miscellaneous Equipment, Plant 
appliances, Machinery and Ma- 
chine Tools, Portable Power Tools, 
and Loose and Hand Tools, when 
the cost is less than $50.00. I again 
digress to state that when the cost 
is more than $50.00, it will be 
charged as a plant account item. 

In the 45000 Series, Plant Operations, 
I find those items chargeable: 

1. To this Series is charged the cost 
of miscellaneous labor and con- 
sumable supplies, losses and gratu- 
ities, and supervision. 

I do not want to leave the impression 
that there are no classifications of ex- 
penditures other than expenditure ac- 
counts. Most of the other classifications, 
which I will explain but briefly, do not 
fall within the purview of this article. 
Hence, they will be but identified and 
not discussed in detail. 

(a) All expenditures are classified to 

individual vessels or stations by 
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accounting numbers. Thus ex- 
penditures at a particular station 
or by a particular vessel can be 
so identified. 


(b) The Bureau of the Budget re- 


quires that all expenditures be 
classified as to Object. This clas- 
sification is based upon the na- 
ture of the services, articles or 
other items for which funds are 
expended, as distinguished from 
the purposes for which such 
expenditures are made. Thus 
expenditures for personal serv- 
ices, supplies and materials are 
classified as such irrespective of 
the end-use, which may be manu- 
facture of equipment, or erection 
of structures, or repair of ships. 
These Object classifications are: 


Personal services ........ 01 
Transportation of things... 03 
Communication services .. 04 


Rents and utility services... 05 
Printing and reproduction. 06 
Other contractual services. 07 
Supplies and materials.... 08 


Land and structures...... 10 
Grants, subsidies, and con- 
11 
Pensions, annuities, and 
insurance losses ....... 12 
Refunds, awards, and _ in- 
Public debt retirement.... 15 
Investment and loans..... 16 


(c) Certain expenditures are classi- 


fied according to property classes, 
such expenditures being charac- 
terized as expenditures for plant 
or capital purposes. These clas- 
sifications have been established 
in order to provide a systematic 
recording of plant property and 
in order to segregate such prop- 
erty according to varying rates 
of depreciation. All plant prop- 
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erty falls within one of three 
property classes and when ac- 
quired by purchase, transfer, is- 
sue from store, or by any other 
means, shall be taken up in the 
plant account under the applic- 
able classes which are as follows: 
(1) Land in property class 1. 
(2) Building and improvement 
in property class 2. 
(3) Equipment property 
class 3. 


All classifications previously discussed 
are applicable Navy wide, applying to 
all stations. While the details of the 
present forms of classifications are of 
somewhat recent origin, the basic sys- 
tem of expenditure classifications has 
been in effect for many years. 

In certain Naval stations, we find 
large scale industrial institutions which, 
according to the dictionary definition, 
may be said to be engaged in “the pro- 
duction and distribution of a commodity 
or the rendering of a service.” 

For management purposes, the offi- 
cials of such installations, in the Navy 
as in commercial life, require knowledge 
in detail of the elements of material. 
labor and overhead that enter into the 
cost of production of output, be it a 
commodity or a service. Such activities 
have further accounting practices in 
use known as Industrial Cost Account- 
ing. All Naval Shipyards and the Gun 
Factory at Washington, D. C. are ac- 
tivities operating under the Industrial 
Cost Accounting System. 

The origin of this Industrial Cost Ac- 
counting traces back to the year 1909 
when President Taft took office. His 
Secretary of the Navy was named as 
The Honorable George L. von Meyer. 
Shortly after he took office, the Secre- 
tary engaged a firm of certified public 
accountants, the Marwick, Mitchell and 
Company, to study the ‘1 ‘ustrial activity 
of the Navy and install an Industrial 
Accounting System. This firm of ac- 
countants took as their hypothesis that 


the Navy Yards (as they were then 


called) were industrial plants, and that | 


the Bureaus and ships were their cus- 
tomers. Work that came to a Navy 


Yard in the form of Work Requests © 


from the different departments of the 


ship, or from Bureaus, was regarded — 
as productive work. Work in the nature — 
of plant betterments, and work in com- | 


mercial lines which would normally be 
done at a charge against the deprecia- 
tion reserve was also regarded as pro- 
ductive work. Operating expenses of 
the Yards not directly allocable to pro- 


ductive work, and small plant repair 


jobs estimated to cost less than $100, 


were to be regarded as overhead ex-_ 


penses. 


Overhead expense was divided into 
three major classes—General Expense © 


items which embraced General Ad- 
ministration, Yard Transportation Sys- 
tems, Sewage Systems, Water Systems, 
etc.; Power expense which included 
power plant buildings, repairs to ma- 
chinery, distribution expenses of power, 


etc.; and Shop Expense, which was 


further divided into as many parts as 
there were shops, with such items as 
supervision, minor repairs to shop 


buildings; repairs to shop machinery 
and shop equipment and other operat- 


ing materials such as oil, grease and 
waste, each identified as to cost. This 


Industrial Cost Accounting System as_ 


then placed in effect in 1909 by the firm 
of accountants is still in effect with 
many, many modifications, but no sig- 
nificant alterations having been made 
in the following years. 

The cost element of direct labor and 
direct material going into a unit of 
output of an industrial plant is rela- 
tively easy to determine, being simply 
that labor or material which can be 
identified as being used solely, directly, 
and exclusively to produce that unit of 
output. It is in the determination of the 
element of overhead cost going into the 
cost of output that the most difficulty is 
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experienced. Most of the remainder of 
this paper will be restricted to the study 
of overhead costs. Before proceeding 
further, it is necessary to give a discus- 
sion of the job order system in use at 
Naval Industrial activities. 

To expend funds from any appropria- 
tion requires first an expenditure au- 
thorization. Such authorizations come 
from cognizant Bureaus or Offices, 
sometimes direct to the activity, and 
sometimes through devious Command 
channels. But irrespective of the paths 
used in reaching the Industrial Yards, 
such authorizations all extend originally 
from the cognizant Bureau or Office. 

Authorizations are received in the 
form of an allotment or project order 
for the accomplishment of work, or 
sometimes by a requisition covering the 
purchase of material. 

Many rules exist to cover means of 
determining whether an allotment or a 
project order is the appropriate author- 
ization in a specific case. Distinctions 
can be made broadly on the following 
basis: 

(a) An allotment is used to authorize 
the expenditure of funds during 
the first year of an appropria- 
tion’s life, and is used for work 
having continuing recurring 
characteristics, to thus finance 
that work which will be accom- 
plished in the fiscal year in which 
the authorization is issued. Thus 
ship repair in fiscal year 1950 is 
authorized by Fiscal year‘ 1950 
Allotment, and correspondingly 
the Ship Repair Program in Fis- 
cal Year 1951 will be authorized 
against a Fiscal Year 1951 allot- 
ment. 

(b) A project order is an order for 
work or material placed with a 
naval activity under the authority 
of the Act of July 1, 1922 and the 
Act of June 2, 1937. It serves to 
obligate funds in the same man- 
ner and to the same extent as a 
contract with a party outside the 


Naval Establishment. It is issued 
to cover work or material of a 
non-recurrent natyre, as distin- 
guished from routine maintenance 
or operation, and there will be 
an intention that the work there 
named will be commenced within 
a reasonable length of time. It 
must contemplate personnel serv- 
ices beyond those incidental to 
contract procurement on the part 
of the activity to which issued. It 
nearly always covers work that 
will not be completed within the 
first year of an appropriation’s 
life. 

(c) Requisitions authorize the pur- 
chase of material and, with but 
few exceptions, when issued in 
Naval Shipyards, are chargeable 
to allotments or project orders 
held at the Yards, and are for 
the purpose of obtaining material 
to accomplish work authorized by 
‘the allotment or project order. 
Many other types of requisitions 
are issued, particularly by Bu- 
reaus and Offices, but for the 
purpose of this article, this in- 
complete definition will perhaps 
suffice. 

When a work authorization is re- 
ceived by a Naval Shipyard, a “job 
order,” identified by its own distinctive 
serial number is issued. This job order, 
besides defining the allotment or project 
order ultimately chargeable with the 
cost of the work authorized, defines 
the work to be done, as to— 

(a) What is to be done—to manu- 
facture six valves, or to repair a 
pump, etc. 

(b) How the work is to be done— 
that is, the engineering specifi- 
cations, the kinds of materials to 
be used, the processes to be used. 

(c) Who shall do the work—what 
productive shops or trades are 
involved—that is, machinists, 
sheetmetal workers, etc. 
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The job order is the total work spe- 
cifications. It limits the work to so 
much and no more, but also requires not 
less than a specified amount of work. 
It outlines material specifications and, 
to the extent required, it details produc- 
tion processes and procedures. 

All labor time cards of men working 
directly on the work specified by the 
job order are marked with that job 
order serial number, and the cumulative 
total becomes the direct labor cost of 
the work. In a like manner, all material 
stubs for material used directly on the 
work authorized by the job order, are 
marked with that job order serial num- 
ber, and, being accumulated, become 
the direct material cost of the work. 
Commercially these are comparable to 
direct charges. 

There remains the determination of 
the element of overhead that should 
be charged to that particular job order 
as the part of the final cost. ‘The over- 
head element is costed to the job order 
as a prorated percentage of the direct 
labor charges. It is in the determination 
of what percentage of prorate to apply, 
and what it represents, where difficulty 
arises. 

Previously, I have stated that over- 
head charges (known commercially as 
indirect charges), when made, are clas- 
sified in the 44000 or 45000 series of 
expenditure accounts. For management 
purposes, however, it is not enough to 
know that a certain charge is overhead 
and therefore classified in certain ex- 
penditure accounts. Such information 
may be sufficient from a fiscal point of 
view, or for budgeting purposes, but the 
management team ina shipyard, in order 
to properly control the magnitude of 
overhead cost must know in far greater 
detail the specific purpose of such 
charge. 

Therefore, overhead expenditures are 
sub-classified to each productive shop 
and to each division of the General Ex- 
pense functions. Even these sub-classi- 
fications are not in sufficient detail for 
good overhead cost control. Hence, we 


find, in the productive shops, an even 
further sub-division of overhead ex- 
penses into what is known as cost 
classes. 

Before going further, I must define a 
Productive Shop and the General Ex- 
pense functions. 

A productive shop is an organiza- 
tional unit primarily and directly en- 
gaged in the manufacture, alteration, 
modification, overhaul and repair of 
naval vessels, and their component items 
of equipment. The labor force in each 
productive shop generally consists of a 
group of specific tradesmen such as elec- 
tricians or machinists, etc. This labor 
force may perform its work either within 
a shop building proper, or outside the 
shop on ships, or other places. When 
their work is of a productive nature, 
creating the normal output of the Yard, 
the cost becomes a direct charge to spe- 
cific output job orders. When the work 
is of a non-productive nature, or im- 
practical to identify to a specific job, 
the cost thereto is charged to mainten- 
ance and operation accounts and as such 
becomes a portion of the industrial over- 
head to be costed by percentage pro- 
rate to job orders representing the out- 
put of the Yard. 

Independent of the Productive. Shops, 
there are nine General Expense func- 
tions, namely: 


000 Administration 

100 Supply System 

200 Transportation 

300 Power generation and distribu- 
tion 

400 Communications Systems and 
Distributing Systems other 
than power 

500 Ground and ground structures 

600 Waterfront and waterfront 
structures 

700 Personnel facilities 

800 Hospitals, medical centers, medi- 7 


cal research commands, medi- 
cal department schools, medi- 
cal supply depots, and dispen- 
saries. 
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It is important to know what these 
groups contain. Their title gives us a 
hint. The exact items can be found in 
Supplies and Accounts Manual, para- 
graph 72324. For the purpose of this 
discussion I will list a few of the more 
major elements in each group: 

000—Administration 

Accounting and disbursing 
offices 

Planning and estimating 

Drafting room 

Progressmen 

Central industrial officer 

Central toolroom 

100—Supply System 

Supply Office 

Material purchasing, receiving, 
records, requisitions, process- 
ing, etc. 

200—Transportation 

All the equipment commonly as- 
sociated with the transporta- 
tion job and the personnel in 
shipyard Shop 02 having to 
do with the operation, repair, 
and maintenance of that equip- 
ment, irrespective of its char- 
acter, including railroad, au- 
tomotive, water. 

300—Power 

The generation and distribution 
of electric power 

Fresh and salt water 

Gas 

Electricity 

Steam 

Hot water heat 

400—Communication Systems and 
Distributing System other 
than power 

Radio Stations 

Telephone 

Air Conditioning 

Refrigeration 

500—Grounds and ground structures 

Bridges 

Farms 

Grounds 

Fences 

Street Lighting 


600—Waterfront and waterfront 
structures 
Piers 
Quay wall 
Drydocks 
Marine railway 
Wharves 
700—Personnel facilities 
Bachelor Officer quarters 
Enlisted men’s barracks 
Chapel 
Marine barracks 
Officers’ quarters 
800—Hospitals 
Medical centers 
Medical research commands 
Medical department schools 
Medical supply depots 
Dispensaries 

A point: First Aid dispensaries in 
the industrial part of the Yard, as dis- 
tinct from the main dispensary, is a 
charge in the 000 Group, rather than 
this group. 

As stated, sub-classification of over- 
head expenditures is made to each pro- 
ductive shop, for that productive shop, 
and to each division of general expense 
for that division of the general expense 
function. Overhead expenditures in each 
productive shop are further sub-classi- 
fied into cost classes. 

List of Productive Shop Cost Classes 
—The appropriate cost class number 
shown is used as a suffix to the applic- 
able expenditure accounts in the 44000 
and 45000 series. 

Miscellaneous Labor and Consumable 


Supplies 
Miscellaneous labor and consum- 
Office, shop store, and tool room 
labor and supplies........... 02 
Losses and Gratuities 
Damage and ‘waste... 11 
Instruction of employees....... 15 
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Travel time (to be used ordina- 
rily only by Pearl Harbor) ...16 


Land and Appurtenances 

Land and appurtenances........ 20 
Buildings and Structures 

Buildings and structures....... 30 


Miscellaneous Equipment 


Miscellaneous equipment ...... 40 

Plant Appliances 

Piant aepliances 50 


Machinery and Machine Tools 
Machinery and machine tools 
(including motors and shaft- 


Portable Power Tools 
Portable power tools........... 70 
Loose and Hand Tools 
Loose and hand tools........... 80 
Supervision 


The following expenses are charge- 
able to the Individual Productive Shop 
Cost Classes: 

1. Miscellaneous Labor and Consum- 

able Supplies 

(a) Miscellaneous Labor and Con- 
sumable Supplies (01). This 
class will be charged with the 
cost of the following: 

(1) Labor incident to opera- 
tion which cannot be al- 
located as direct labor to 
a specific job order; this 
includes labor involved 
in cleaning shops and 
building, attending power 
plant, moving material 
in shops, and attending 
pump well; 

(2) labor and supplies inci- 
dent to testing of ma- 
chinery and appliances ; 

(3) labor and material for 
periodic qualification tests 
of rated welders; 

(4) supplies and materials in- 
cident to operation which 
are of such general uses 
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and in such small quan- 
tities as not to permit 
charging to specific job 
orders; this includes oil, 


brooms, brushes, toilet 
paper, ice, etc.; . 
(5) for drydocks, cost of 


cleaning of dock and cais- 
son not incident to dock- 
ing ships. 

(b) Office, Shop Store, and Tool 
Room Labor and Supplies 
(02). This class will be 
charged with the cost of labor 
and material expended in con- 
nection with the operation of 
the offices, shop store rooms, 
and tool rooms, such as pay 
of clerical employees, pay of 
employees in storerooms and 
tool rooms, supplies such as 
soap, stationery, office sup- 
plies, floor sweep materials, 
etc. 


(c) Fuel (03). Fuel will be 
charged with the cost of all 
fuel, fuel oil, and power con- 
sumed, including electricity, 
steam, gas, etc. 

(d) Safety (06). This class will 
be charged for all expenses 
incurred in connection with 
accident prevention and safety 
engineering which cannat be 
allocated to a_ specific job 
order. 

2. Losses and Gratuities 

(a) Sick Leave (10). This class 

will be charged with the pay 


of all employees on author- | 


ized sick leave. 


(b) Damage and Waste (11). 4 


This class will be charged 

with the following: 

(1) damage and waste for de- 
fective work of any char- 
acter (foundry, forge, 
machine shop, etc.) ; 

Note: 
charging must be obtained 


Authority for | 


from the supervisor of the © 


4 


quan- 
yermit 
c job 
oil, 

toilet 


st of 
| cais- 
dock- 


Tool 
pplies 
be 
labor 
n con- 
ion of 
‘ooms, 
iS pay 
ay of 
is and 
ich as 
sup- 
erials, 


ill be 
of all 
r con- 
Tricity, 


s will 
penses 
1 with 
safety 
not be 
fic job 


s class 


he pay 


uthor- 


(11). | 
harged 


SHIPYARD COST ACCOUNTING 


force making the error, 
or a mutual superior of 
the supervisors  con- 
cerned. 

(2) minor discrepancies or 
omissions in charges, by 
the accounting depart- 
ment, the shop supervisor 
being notified. 

Scrap Credits (12). This 

class will be credited with the 

value of excess material, ma- 
chinings, and _ short ends, 
which have been taken up on 

Returned Material Credit 

Memorandum when the spe- 

cific job order for which the 

material was originally issued 
cannot be determined. 


(d) Time Allowed (14). This class 


(c) 


~— 


will be charged with time lost © 


due to breakdowns, cleaning 
machines, waiting for mate- 
rials, tools, drawings, and 
plans, and other time between 
the finishing of one job and 
the starting of another; also 
for pay of employees taking 
examinations. 

(e) Instruction of Employees 
(15). This class will be 
charged with the following: 
(1) time connected with in- 

struction of civilian em- 
ployees when not practic- 
able to charge a specific 
job order; 

(2) time of civilian appren- 
tices attending apprentice 
schools, the charge being 
made under the proper 
producing section; 

(3) time of apprentices peri- 
odically assigned to draft- 
ing rooms for instruction 
when not practicable to 
charge a specific job or- 
der, charge being made 
under the proper produc- 
ing section; 
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(4) labor and material for 
special instruction or 
training of rated welders 
to develop ability to make 
satisfactory welds on 
work of unusual charac- 
ter, such as armor plate, 
duraluminum, or some 
other new alloy; 


instruction or training of 

student employees (ap- 

prentices or other) in 
welding. 

Note: Labor and mate- 
rial expended for experi- 
mental welding when not 
designated as a qualifica- 
tion test, or when not 
designated for instruction 
and training of student 
employees (apprentices or 
other) and rated welders 
will be a direct charge to 
a specific job order. 

(f) Travel Time (16). This class 
is to be used ordinarily only 
by Pearl Harbor. This cost 
class shall be charged with 
travel time allowed employees 
reporting for work or when 
carried on the payroll at ter- 
mination of their services, or 
when time is allowed for 
travel going on or returning 
from leave. 

(g) Annual Leave (17). This 
class will be charged with the 
pay of employees on author- 
ized annual leave. 

(h) Holiday Leave (18). This 
class will be charged with the 
pay of employees on author- 
ized legal holidays but receiv- 
ing compensation. 


(5 


— 


. Land and Appurtenances (20). 


This class will be charged with the 
cost incurred in connection with 
the improvement or maintenance 
of all land and grounds including 
improvements except improve- 
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ments in connection with acquisi- 
tion (dredging, etc.), such as sea 
walls, piers, roads, walks, gutters, 
lawns, underground conduit sys- 
tems, railroad tracks, distributing 
systems outside of buildings, sewer 
and water systems, and drains. 

. Buildings and Structures (30). 

This class will be charged with the 
cost of the following: 

(1) repairs in connection with 
shops, such as repairs to oil, 
gas, water, and power dis- 
tributing systems within the 
shop; 

(2) repairs to buildings and struc- 
tures, including roofs, floors, 
walls, railroad tracks, crane 
railways and shop overhead 
traveling cranes in buildings, 
drains, inside sewers, inside 
piping (air, oil, gas, steam, 
water), radiators, and inside 
wiring ; 

(3) repairs to body, caisson, and 
permanent fittings of docks, 
repairs of pumpwell buildings, 
hulls of floating docks, marine 
railway structures, and dock 
latrines. 

Note: Blocking damage 
caused by an individual ship 
will be charged to the job 
order for docking the ship. 

Miscellaneous Equipment 

(a) Miscellaneous Equipment 
(40). This class wiil be 
charged with the cost of re- 
pairs to articles other than 
plant appliances which assist 
in work, and with the cost of 
replacements and additions of 
such articles when the cost 
is less than $50. These items 
include furniture (other than 
office), work benches, hand- 
carts, trucks, time clocks, 
hand hoists, templates and 
patterns (purchased for stand- 
ard use), molds, flasks, non- 
fiction books, etc. 


Note: This class will not 
be charged with labor and 
material expended in prepara- 
tion of drawings for, or manu- 
facture of, patterns, dies, jigs, 
templates, holding-down de- 
vices. When for a standard 
product, the expenditures will 
be lodged against a separate 
specific job order for which 
an allotment is made or funds 
are provided under a specific 
appropriation. When for a 
non-standard product, the ex- 
penditures will be lodged 
against the job order con- 
cerned. 


(b) Office Furniture (41). This 
class will be charged with the 
cost of repairs to office furni- 
ture, and with the cost of re- 
placements and _ additions 
when the cost is less than $50. 
Office furniture includes desks, 
file cabinets, office chairs, 
bookcases, desk lamps, etc. 

Note: This class does not 
include typewriters, adding 
machines, calculators, and 
mimeograph equipment which 
are included in class 50, plant 
appliances. 


6. Plant Appliances (50). This class 


will be charged with the cost of 
repairs to plant appliances, and 
with the cost of replacements and 
additions of such appliances when 
the cost is less than $50. Plant 
appliances include the following 
items : 

(1) power plant appliances spe- 
cifically classed as individual 
items of plant; 

(2) power plant boilers, piping, 
furnaces, all railroad rolling 
stock, vehicles, derricks, 
shears, yard boilers and en- 
gines, bicycles, automobiles, 
yard scales, all floating prop- 
erty not on Navy list, yard or 
shop cranes (other than shop 
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overhead cranes), and test 
boards ; 

(3) typewriters, calculating ma- 
chines, addressographs, blue- 
printing machines, mimeo- 
graph equipment, and other 
items which may be spe- 
cifically designated by the 
Bureau of Supplies and Ac- 
counts ; 

(4) capstans, winches, and floats 
other than floats available for 
general water front use. 

Machinery and Machine Tools 
(Including Motors and Shafting) 
(60). This class will be charged 
with the cost of repairs to ma- 
chinery and machine tools, and 
with the cost of replacements and 
additions of such items when the 
cost is less than $50. Machinery 
and machine tools include the fol- 
lowing items: 

(1) stationary tools using power 
or fuel in operation, such as 
bending rolls, boring mills, 
carving machines, drill press- 
es, grinding machines, lathes, 
milling machines, planers, 
punch presses, sandpapering 
machines, saws (band, circu- 
lar, and jig), steam hammers, 
trip hammers, mortise ma- 
chines, blowers cupolas, 
forges, furnaces, etc. ; 

(2) power plant machinery, such 
as engines, generators, etc. ; 

(3) pumping plant and caisson 
machinery, including suction 
and discharge pipes inside and 
outside of pump well, pumps, 
valves, motor, etc. 


. Portable Power Tools (70). This 


class will be charged with the cost 
of repairs to portable power tools, 
and with the cost of replacements 
and additions of such items when 
the cost is less than $50. Portable 
power tools include those portable 
tools using power or fuel in opera- 
tion, such as air tools, portable 


electric drills, gasoline torches, 
riveting forges, portable acetylene 
welding apparatus, etc. 

9. Loose and Hand Tools (80). This 
class will be charged with the cost 
of repairs to loose and hand tools, 
and with the cost of replacements 
and additions of such items when 
the cost is less than $50. Loose 
and hand tools include tools not 
requiring fuel or power for use 
and tools of a type usually stored 
in a tool crib. This cost class 
will not be charged with labor 
and material expended in prepara- 
tion of drawings for, or expended 
in the manufacture of, patterns, 
dies, jigs, templates, and holding- 
down devices. When for a stand- 
ard product, the expenditures will 
be lodged against the job order 
concerned unless the bureau or bu- 
reaus interested direct that the ex- 
penditures be lodged against a 
separate specific job order for 
which an allotment is made or 
funds are provided under a specific 
job order for which an allotment 
is made or funds are provided 
under a_ specific appropriation. 
When for a nonstandard product, 
the expenditures will be lodged 
against the job order concerned. 

10. Supervision (90). This class will 
be charged with the wages of all 
master mechanics, all foremen, all 
quartermen, and all leading men. 

I expect, by this time, if I have accom- 
plished anything, I have established in 
the reader’s mind that expenditures in 
Naval Shipyards are classified, multiple- 
classified, reclassified, and sub-classified 
many times. 

So far I have avoided stating what 
appropriations pay, or are charged with, 
the overhead expense. Such a question, 
it will be appreciated, is independent of 
the cost of work, being only a question 
of who pays the bill. In practice over- 
head costs are paid for by several 
appropriations, but principally are borne 
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by the Appropriations ‘Maintenance 
Bureau of Ships,” “Maintenance Yards 
and Docks,” and “Maintenance Supplies 
and Accounts.” What portion each 
appropriation pays is determined pri- 
marily by the basic cognizance of the 
Bureaus named, augmented or modified 
by agreements between Bureaus, long- 
time practice of charging certain items 
to certain Bureaus, or by directives to 
affected Bureaus, received from higher 
authority. 

I now propose to introduce an exhibit 
or chart which I have personally origi- 
nated. This chart generally attempts to 
show— 

(1) what makes up overhead ex- 


penditures ; 

(2) what makes up total expen- 
ditures ; 

(3) who pays for what overhead 
expenditures ; 


(4) the total industrial cost of work. 


Examining Exhibit 1, the two blocks 
on the upper left should be fully under- 
standable in the light of my foregoing 
discussion, since they simply represent 
direct labor and direct material to pro- 
ductive work. These costs will be paid 
by the appropriation of the Bureau or 
Office ordering the work. 

Exhibit 2 is actual return of a typical 
productive shop, a sheetmetal shop, for 
a typical shipyard for the month of 
October 1947. It shows the direct shop 
expense in that productive shop. Similar 
reports are made for all productive 
shops and, when combined, a recapitula- 
tion is obtained governing the overhead 
expenses in all productive shops. Exhibit 
3 is a recapitulation of the returns from 
all productive shops of the same ship- 
yard for the same month, October 1947. 
Confining attention to lines 1 to 25 of 
Exhibit 3, the total of these lines repre- 
sent the third block on the upper left 
of my chart. I call attention to the cost 
class numbering shown on each line of 
Exhibits 2 and 3. I also call attention 
to the fact that line 17, cost class 30, is 
the “Maintenance, Yards and Docks,” 


‘ 


portion of the direct shop expense shown 
on Exhibit 1, the remainder of direct 
shop expense all falling to ‘“Mainte- 
nance, Bureau of Ships” for payment. 

The remaining nine blocks, including 
the power block near the center of 
Exhibit 1, goes to make up the general 
expense portion of overhead. I have 
indicated on Exhibit 1 what Bureau, or 
appropriation, pays what portion of this 
general expense. 

Lines 26, 27 and 29A on Exhibits 2 
and 3 need explanation. The industrial 
costs of power used by productive shops, 
is distributed to the various shops on 
the basis of predetermined formulae. 
This is known as the power transfer, 
and is so shown and labeled in Exhibit 1. 
In a like manner the General Expense 
transfer is distributed to the various 
productive shops, and is shown and 
labeled on Exhibit 1 as the General 
Expense transfer. 

The net leave accrued, shown on line 
29A of Exhibit 2 and 3, is simply the 
difference, plus or minus, between the 
leave actually taken and paid to the 
men of the shop, cost class 17, and the 
leave earned by the men of the shop. 
Thus, limiting of annual leave in periods 
of high work load, or conversely, the 
granting of considerable leave in slack 
work load periods, has no effect on the 
overhead rates. 

Several points on Exhibit 1 need fur- 
ther explanation. You will note that 
depreciation and disability costs are ap- 
parently calculated, and then after calcu- 
lations are made, are seemingly not 
used. This is actually true in Naval 
Shipyards. There can be no dispute that 
both items are part of true industrial 
costs and hence should theoretically be 
included. But because of the special 
peculiarities of government financing, it 
is more convenient not to so include 
them in the final cost. Neither represent 
a current appropriation cost. In fact, 
disability costs are not even paid by 
naval appropriations, being paid entire- 
ly by another appropriation of the gov- 
ernment. 
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DETAILED STATEMENT OF SHOP EXPENSE 
Nav. S. and A. Form 299 (Rev. Jan. 1946) 


Shop or Drydock (Name) (Number) Month of 
Sheetmetal 17 22 Sept.—26 Oct. 1947 
Reporting Activity (Name) (Number) (Location) 
XXXXX 
Line Fiscal Year Budget 
No. Cost Classes Month to Date Fiscal Year 
___|_PLANT OPERATIONS: 
1 | 01. Miscellaneous Labor 1446.61 5210.97 
2 | 01. Consumable Supplies 253.67 745.65 
~3 | 02. Office, Shop Store, and Toolroom Labor 2776.19 8730.95 
4 | 02. Office. Shop Store, and Toolroom Supplies 8.80 45.34 
5 03. Fuel 16.36 26.99 
6 | 04. Safety 101.48 
: ~7_| 10. Sick Leave 2299.04 5792.25 
8 11. Damage and Waste 45.00 45.00 
~9 | 12. Scrap Credits CR 1788.87 | CR 4667.50 
“10 | 14. Time Allowed 188.20 1324.93 
‘11 _| 15. Instruction 1622.47 5760.21 
12 | 16, Travel Time 
13 17. Annual Leave 12235.75 §2513.92 
14 18. Holiday 8861.27 
JAS_| 90. Supervision 11090.61 32470.07 
Subtotal 30193.83 116961.53 
MAINTENANCE, UPKEEP, AND REPAIRS: 
17 | 30. Buildings and Structures 221.45 422.37 
“18 | 40. Miscellaneous Equipment 176.97 434.53 
“19 | 41. Office Furniture 22.88 22.88 
“20 | 50. Plant Appliances 10.41 51.74 
21 60. Machinery and Machine Tools 1120.33 3887.84 
f 22 70. Portable Power Tools 69.95 
23 | 80. Loose and Hand Tools 30.84 | CR 509.84 
a Subtotal 1582.88 4379.47 
25 TOTAL DIRECT EXPENSE 31776.71 121341.00 
| OTHER EXPENSE: 
26 | xx Power Transferred 1042.26 8248.97 
27 | xx General Expense Transferred 42467.92 143780.82 
Depreciation 
2 29 | 19. Disability 
_29A| Net Leave Accrued CR 2985.60 | CR 11135.51 
307 Subtotal 40524.58 140894.28 
31 TOTAL EXPENSE 72301.29 262235.28 
~ | OPERATING DATA: 
“32_| Industrial Overhead Expense Applied—NSF Job Orders 
_33_| Industrial Overhead Expense Applied—Other Job Orders 72948.59 267029. 
_34 | Over (O) or Under (U) Absorbed Industrial Overhead Expense | O- 647.30 | O- 4794.47 
_35_| Productive Labor—NSF Job Orders 
36 Productive Labor—Other Job Orders 81082.28 275163.44 
| Productive Hours—NSF Job Orders 
_38_| Productive Hours—Other Job Orders 61947 214545 
_39_| Docking Hours 
40 | Actual Overhead Rate 89% 95% 
“41 Industrial Overhead Rate Used This Month 90% 
42 
3 | Special Appropriation Adjustment Rate—Actual 
44 Special Appropriation Adjustment Rate Used 
45 
49 
50 
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RECAPITULATION—PRODUCTIVE SHOPS 
DETAILED STATEMENT OF SHOP EXPENSE 


Nav. S. and A. Form 299 (Rev. Jan. 1946) 
Shop or Drydock (Name) (Number) Month of 
22 Sept.—26 Oct. 1947 
Reporting Activity (Name) (Number) (Location) 
XXXXX 
Line Fiscal Year Budget 
No. Cost Classes Month to Date Fiscal Year 
PLANT OPERATIONS: 
1 | 01. Miscellaneous Labor 18188.19 60227.40 
2 | 01. Consumable Supplies 4860.63 13275.21 
3 | 02. Office, Shop Store, and Toolroom Labor 12659.60 39362.58 
4 | 02. Office, Shop Store, and Toolroom Supplies 398.58 1564.96 
5 | 03. Fuel 2198.69 3638.68 
6 | 04. Safety 1178.28 5011.00 
7 10. Sick Leave 45741.47 129685.29 
8 | 11. Damage and Waste 89.25 137.75 
9 | 12. Scrap Credits CR 6099.35 | CR 21829.24 
10 | 14. Time Allowed 736.18 6137.23 
11 | 15. Instruction 20036.69 64802.69 
12 | 16. Travel Time 5.63 29.57 
13 | 17. Annual Leave 183359.99 643624.91 
14 18. Holiday 535.69 127859.11 
| 90. Supervision 138414.95 437125.11 
16 Subtotal 422314.47 1510652.25 
~~ | MAINTENANCE, UPKEEP, AND REPAIRS: 
17 | 30. Buildings and Structures 9716.50 46526.03 
18 | 40. Miscellaneous Equipment 7533.29 17782.23 
19 | 41. Office Furniture 91.97 203.94 
20 | 50. Plant Appliances 4934.09 13522.23 
_21_| 60. Machinery and Machine Tools 16986.48 57123.47 
22 | 70. Portable Power Tools 990.62 3767.07 
23 | 80. Loose and Hand Tools 4096.07 11193.01 
24 Subtotal 44349.02 150117.98 
25 TOTAL DIRECT EXPENSE 466663.49 1660770.23 
| OTHER EXPENSE: 
26 | xx Power Transferred 9861.72 101228.84 
27 | xx General Expense Transferred 655840.25 2249194.64 
28 | 13. Depreciation 
29 19. Disability 
29A| Net Leave Accrued CR 65680.79 | CR 108531.41 
30 Subtotal 600021.18 2241892.07 
31 TOTAL EXPENSE 1066684.67 3902662.30 
OPERATING DATA: 
_32_| Industrial Overhead Expense Applied—NSF Job Orders 
33 | Industrial Overhead Expense Appiied—Other Job Orders 1020835.93 4135315.99 
_34 | Over (O) or Under (U) Absorbed Industrial Overhead Expense | U- 45848.74 | O— 232653.69 
35 Productive Labor—NSF Job Orders 
36 Productive Labor—Other Job Orders 1252169.28 4297497.54 
_37_| Productive Hours—NSF Job Orders 
_38_| Productive Hours—Other Job Orders 964813 3328958 
39 | Docking Hours 
“40 | Actual Overhead Rate 85% 91% 
“41 | Industrial Overhead Rate Used This Month 82% 
42 
43 | Special Appropriation Adjustment Rate—Actual 35% 
re Special Appropriation Adjustment Rate Used 34% 
46 
47 
“48 
49 
50 
51 
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It will be further noted that the block 
of total general expense (the heavily 
shaded block), after being determined, is 
immediately separated into two por- 
tions; namely, Non-Industrial general 
expense and Industrial general expense, 
and only the latter carried into the 
industrial costs. It is recognized that 
a naval shipyard, besides being an indus- 
trial activity, is also a military activity. 
Many functions are performed in, or 
by the yard, that have no relationship 
to the industrial effort of the yard. 
Naval hospitals and naval receiving 
barracks, included in the organization 
of the yard, are excellent examples of 
functions that have no influence on the 
industrial output of the yard. The work 
of the supply activities of a naval ship- 
yard is partly in support of industrial 
activities of the yard, and partly in 
general naval supply service to the Navy 
as a whole. The division of each func- 
tion of general expense into the two 
parts is partly by definition, and partly 
by decisions of a local accounting board 
convened for that purpose. Thus the 
700 and 800 groups of general expense, 
“Personnel facilities” and “Hospitals” 
are entirely classified Non-Industrial by 
definition, while the 100 group, “Sup- 
ply” system, may be divided 40% Indus- 
trial and 60% Non-Industrial by the 
local accounting board. 

Eventually, Exhibit 1 shows all indus- 
trial costs flowing to a circle on the 
lower left. (The segments of this circle 
are not shown in true perspective). 
The ratio of overhead costs to total 
productive labor over a given time; i.e., 
total overhead cost (this month) over 
productive labor (this month) ; or total 
overhead (fiscal year to date) over 
productive labor (fiscal year to date) 
gives the industrial overhead ate, 
actual, over those periods of time. In 
theory, this is the prorate percentage 
to be applied to the direct labor cost of 
individual job orders (using the rate 
for separate shops as appropriate to the 


shops furnishing the direct labor) to 
thus determine the element of overhead 
cost that should be costed to that job 
order. However, since the actual indus- 
trial overhead rate is only determinable 
after the fact, an estimated overhead 
rate must actually be applied. This 
estimated rate is established by local 
accounting boards, from time to time as 
required, their judgment being guided 
by the knowledge of past experience 
and if the estimated rate previously 
applied has served to,absorb or has 
failed to absorb the actual overhead ex- 
penses. 

Exhibit 4 is a form of return show- 
ing a summary of overhead expense for 
a typical shipyard for one month. 

For those individuals who may wish 
to carry through the calculations of a 
typical shipyard for one month, I have 
included Exhibit 5, the recapitulation 
of drydock expenses, which when com- 
bined with Exhibit 3, the recapitulation 
of productive shop expense, go to pro- 
duce the figures on Exhibit 4. I have 
also included as Exhibit 6, the sum- 
marized calculations for the Yard as a 
whole in establishing actual overhead 
rates for the Yard as a whole. 


To provide better understanding, 
Exhibit 7, an actual job order, is shown, 
the back of which is shown as Exhibit 8, 
the returned industrial cost of that job 
order, divided into direct labor, direct 
material, and overhead making up total 
industrial cost. 

For full understanding of this last 
Exhibit, I must say a word about how 
“APA” material costs are handled. I 
presume most of the readers of this 
article will understand the meaning of 
“APA.” For the benefit of others, I 
will give a short definition. “APA” ma- 
terial is material that at some previous 
time has been bought and paid for by 
certain Naval Appropriations. Thus 
when “APA” material is used, there is 
no further appropriation cost. But there 
is an industrial cost since the material 
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Nav. S. and A. Form 419 (Revised Dec. 1945) : é Month 22 Sept. thru 26 Oct. 1947 
Net Overhead Nonindustrial Industrial 
Group Total Depreciation Distribution be % % 
000 Administration 543959.09 17298.28 4590.44 565847.81 19 107511.08 81 458336.73 
100 Supply Systems 167545.77 17005.19 1682.91 186233.87 70 130363.71 30 55870.16 
200 Transportation 152431.38 37996.80 1161.92 191590.10 22 42149.82 78 149440.28 y 
300 Power Generation and Distribution CR 13004.98 48983.97 | CR 22786.02 13192.97 100° 13192.97 | xxx |xXxxXxxXXxXxxx 
Communication Systems and Distributing 
3 400 Systems other than Power 96245.50 23769.02 86.47 120100.99 87 104487.86 13 15613.13 
4 500 Grounds and Ground Structures 22653.77 27414.95 1901.70 51970.42 52 27024.62 48 24945.80 
c 600 Waterfront and Waterfront Structures 24611.35 32775.01 — 57386.36 20 11477.27 80 45909.09 
ms 700 Personnel Facilities 36149.68 12189.98 1019.65 49359.31 100 49359.31 | xxx |XXXXXXXXX 
800 Hospitals, etc. 6743.11 412.52 149.70 7305.33 100 7305.33 | xxx 
Total—General Expense Functions 1037334.67 217845.72 | CR 12193.23 1242987.16 492871.97 750115.19 
ra} 900 Productive Shops, Drydocks, and Marine 
Railways 483235.97 70554.79 12193.23 565983.99 | xxx |xxxxXxxXxxx 565983.99 
sit | 900 Process Shops 21371.70 5566.55 |xxxxXxxxxx 26938.25 26938.25 | xxx |XXXXXXXXX 
5 ' - Subtotal 1541942.34 293967.06 |xxxxxxxxx 1835909.40 | xxx 519810.22 | x xx 1316099.18 
= Depreciation (S. and A. Form 276) 293967.06 | CR 293967.06 |xxxxxxxxX|xxxxxxXxxx| Xxx |xxxxxxxxx| xxx |Xxxxxxxxx 
ie Disability 8765.18 |xxxxxXxxx|XxxxXxxXxxx 8765.18 | xxx |xxxxxxXxxx| xxx 8765.18 
Net Leave Accrued CR 65680.79 CR 65680.79 CR  65680.79 
ne Total Overhead Expense 1778993.79 |xxxxxXxXXxxXXx|xXxxxxXxxx 1778993.79 | xxx 519810.22 | xxx 1259183.57 
Net Leave Accrued 65680.79 
Abstracted Public Vouchers included in above__—_»__E Total Industrial Overhead Expense 
Applied 1324864.36 
REMARKS Over or Under Absorbed Industrial Overhead | 
Expense for Month 
Over or Under Absorbed Industrial Overhead 
Expense for Fiscal Year to Date 
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Nav. S. and A. Form 299 (Rev. Jan. 1946) 
Shop or Drydock (Name) (Number) Month of 
Recapitulation Drydocks Marine Railways 22 Sept.—26 Oct. 1947 
Reporting Activity (Name) (Number) (Location) 
XXxXxxX XXXXXXXXXXXXXX 
Line’ Fiscal Year Budget 
No. Cost Classes Month to Date Fiscal Year 
PLANT OPERATIONS: 
1 | 01. Miscellaneous Labor 3070.95 8480.76 
2 | 01. Consumable Supplies 169.92 449.13 
3 | 02. Office, Shop Store, and Toolroom Labor 484.49 919.28 
4 | 02. Office, Shop Store, and Toolroom Supplies 23.78 23.78 
5 | 03. Fuel 126.23 
6 | 04. Safety 280.72 
7 10. Sick Leave 
8 | 11. Damage and Waste 
9 12. Scrap Credits 
10 14. Time Allowed 
11 15. Instruction 
12 16. Travel Time 
13 | 17. Annual Leave 305.54 
14 18. Holiday 202.45 
15 | 90. Supervision 1442.91 2418.30 
16 Subtotal §192.05 13206.19 
MAINTENANCE, UPKEEP, AND REPAIRS: 
17 | 30. Buildings and Structures 10323.71 27987 .93 
18 | 40. Miscellaneous Equipment 732.24 5086.40 
19 | 41. Office Furniture 
20 | 50. Plant Appliances 116.76 yi BT 
21 | 60. Machinery and Machine Tools 204.92 335.21 
22 | 70. Portable Power Tools 2.80 2.80 
23 | 80. Loose and Hand Tools 189.99 
24 Subtotal 11380.43 33853.84 
25 TOTAL DIRECT EXPENSE 16572.48 47060.03 
OTHER EXPENSE: 
26 | xx Power Transferred 561.94 3694.65 
27 | xx General Expense Transferred 
28 | 13. Depreciation 
29 | 19. Disability 
30 Subtotal 561.94 3694.65 
31 TOTAL EXPENSE 17134.42 50754.68 
OPERATING DaTA: 
32 | Industrial Overhead Expense Applied—NSF Job Orders 
33 | Industrial Overhead Expense Applied—Other Job Orders 9340.00 35550.00 
34 | Over(O) or Under(U) Absorbed Industrial Overhead Expense 7794.42 | U- 15204.68 
35 Productive Labor—NSF Job Orders 
36 | Productive Labor—Other Job Orders 
37 | Productive Hours—NSF Job Orders 
38 | Productive Hours—Other Job Orders 
39 | Docking Hours 
40 | Actual Overhead Rate 
41 Industrial Overhead Rate Used This Month 
42 
43 | Special Appropriation Adjustment Rate—Actual 
44 | Special Appropriation Adjustment Rate Used 
45 
46 
47 
48 
49 
50 
51 
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ADJUSTED INDUSTRIAL OVERHEAD COMPUTED AND APPLIED IN ACCORDANCE 
with BUS&A DispatcH 122130 (NOVEMBER 1946) 


(1) Total General Expense (industrial column form 419)................ 


(2) Less Depreciation Including Depreciation in Power Expense Distributed 


(industrial portion, form 419)........ 
(3) Net General Expense to be Transferred to Shops.................... 
(4) Productive Shops and Drydocks Expense (form 419)..... 
(5) Add: Leave accrued (per BuShips-BUS&A Itr 25 Nov. 1946) 


(7) Less: Shop and Drydock Depreciation, Includ- 
ing Depreciation in Power transferred (form 


(8) Shop: Sick and Annual Leave Paid (from form 


(9) Shop and Drydock Adjusted Overhead 


(10) Total Adjusted Overhead Expense.... . 
(11) Total Industrial Overhead Expense Applied........................ 
(12) Under Absorbed Industrial Overhead Expense for Month............ 
(13) Over Absorbed Industrial Overhead, Fiscal Year to Date............ 


750115.19 
655840.25 
565983.99 
163420.67 
72324.36 
229101.46 301425.82 
1030175.93 
53643.16 
217449.01 


COMPUTATION OF COMPOSITE OVERHEAD RaTE INCLUDING DryDocks 


(14) Total Shop Productive Labor.......... 


1252169.28 


(15) Statistical Overhead Rate Before Depreciation, Disability and Leave Adjustments 


1324864.36 + 1252169.28 = 106% 


(16) Adjusted Overhead Rate (less depreciation, disability and shop leave paid, plus leave 
accrued) 1083819.09 + 1252169.28 =86.6% 


EXHIBIT 60 


has value. Hence, such material when 
used, either for productive work or as 
overhead material, has its value carried 
for cost purposes, although no appro- 
priation charge results. On Exhibit 8, 
you will see a certain part of the direct 
material cost identified as an “APA” 
cost. 


Actually, in a sense, Naval Supply 
Account (N.S.A.) materials are also 
APA materials in that they have been 
purchased in the past and paid for by 
the Naval Stock Fund. The Naval Stock 
Fund, however, is a revolving Fund, 
holding the value of the material bought 
by that Fund in a sort of suspense 
account in inventory. Then when ma- 
terials are drawn from N.S.A. stores 
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the using appropriation is debited and 
the Naval Stock Fund credited with the 
value of the material drawn. 


It will also be noted that on Exhibits 
7 and 8 the estimate covers only ex- 
pected costs of direct labor and direct 
material. Under certain circumstances ; 
for example, when an estimate is quoted 
to another government agency or for 
new construction work, the estimate will 
also include expected costs of APA ma- 
terial and overhead. For normal opera- 
tion within the Navy, these items are 
omitted in the interest of simplicity. 

On some of the exhibits, you will 
note a line labeled “Process Shops.” 
I must give you a brief idea of a 
“Process Shop.” Certain activities such 
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5ND—NWNSY 1 (Rev. 4-48) 


| Date: Job Order Number: 
JOB ORDER | 
| | 
DB | 9-15-49 782304401 
Appropriation: | Subhead [Project or Allot:|_ Expenditure |Ship or Other| Lrl Brtl | Brstl | Ecl 
or | Account No.: |Account No.: 
Treas. Obj. | 
01601 110415-01 14161 52162 
Ship or Object: Bureau: 
Ships (M) 
Work Request No.: | Group Name: Group No.: 
Propellers S-44 


Authority: 


Tel. Conv. Comdr. BuShips & Comdr. 9/14/49 


Distribution 
Code 


| 


SPECIFICATIONS 


Type of 


Availability: Restricted (Act. Fleet) 


Ref: 121913. Allot. MBS 10415/50 
TELETYPED 9- 
Propellers (2) Servi & Stb’d. 
R.H. & L.H., Replacement of:— 


Shop 38:—Replace the present port & stb'd propellers with the following propellers: 
(Stub Propellers from store, APA). 

Port (4) blade, stock No. S60-P-9116-610 12’0” diam. 

L.H., 12’-10” Pitch, Ser. No. 22474 suitable for 857-890. 

Stb’d (4) blade, stock No. S60-P-9116-611, 12/0” diam. 

R.H., 12’-10” Pitch, ser No. 22457, suitable for 857-890. 

Check propeller Fit, also check (dial in place) propeller (Tail) shaft for true 
(truth) 

Test upon completion of work. 
L-350 


Shop 72:—Service. 
Shop 26:—Service. 
L-50 


M-20 
M-15 


T-370 

T-265 
M-10 T- 

Sop 41:—Remove & reinstall interference (rope guards & caemee 


M- 


11:—Renew rudder zincs. 


25 M- 5 T-30 
Shop 31:—Make & Machine parts. (Bolts, nuts, studs, etc.) 
M- 5 T-30 
Shop 23:—Forge parts. (Bolts, etc.) 
L-15 T-20 


Code 242:—-Note & furnish correct markings for propellers. 
NOTE (1): Disposition of propellers removed to be furnished upon docking of vessel. 


Estimate No.: | Estimator: Checked by: Funds Control: 
07037 Winn, W. J. Barnes 
Labor: | Overhead: Material: Total: Total Mandays: Days Req'd: 
765 70 835 82 3 


Job Order Approved: 


R. L. Pruitt 


Work Completed: Work Satisfactory: 


Ship Superintendent. Ship Inspector. 


ExHIBiIT 7 
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ESTIMATED CHARGES 
SHOP MAN | Material 
DAYS | | 
LABOR | OVERHEAD | | TOTAL 
NSA SMA APA | 
| | 
ESTIMATED CHARGES 
38 350 | 20 | 370 
72 250 15 265 
26 50 10 | 60 
41 50 10 | 60 
11 25 | 5 30 
31 25 5 30 
23 15 20 
Total 765 70 835 
ActTuaL C | 
38 321.28 240.96 13,553.00 321.28 
72 263.04 184.12 263.04 
26 39.63 29.73 8.40 | 48.03 
41 46.40 34.80 | 4.00 50.40 
11 26.08 19.56 | | 26.08 
31 | 
23 
Total Lab. & | 
NSA Mt’l 696.43 | 12.40 708.83 
Total Overhead 509.17 509.17 
Total APA Mt’! 13,553.00 | 13,553.00 
Grand Total 14,771.00 
| 
| 
| | 
| 
TOTAL | 
STATUS OF JOB 
COMPLETED: | CLOSED CANCELLED: 
INSPECTED: | COST REPORTED: FILE BOX: 
ADDITIONAL INFORMATION 
Exuisit 8 NNSY—5-17-48—100,000 
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as the Gas Manufacturing Plant, the 
Galvanizing Plant, the Foundries, and 
Paint Manufacturing Activities are 
classified as “Process Shops.” 

The accounting principles used in 
process shops are quite simple. All ex- 
penses in process shops for a specified 
period are identified as to general char- 
acter as follows: 

Direct material used. 

Direct labor used. 

Overhead expenses in the shops 
(excluding repairs to buildings 
still paid by Yards and Docks) 

and are totaled to become the total 
cost of operating the shop over the 
specified period. The total units of out- 
put over the same period is likewise 
determined; e.g., for the Gas Manu- 
facturing Shop—the total cubic feet of 
oxygen produced. Direct division of 
total cost by total output then gives the 
cost, or price, of unit output. 

The output is then sold as material, 
by material stub to a productive job 
order, or by invoice to Naval Stock 
Fund inventory. Process shops are thus 
financially self-sustaining in operation, 
the total returns from sales paying costs 
of operations. 

Now these principles of accounting in 
process shops seem simple, and should 
be readily understood. The applications 
of these principles in practice, however, 
are very complex, and are quite difficult 
to follow. 

For example, let us discuss briefly the 
accounting in a foundry. 

We first encounter the fact that the 
output is not homogenous. Various 
castings are made; iron, steel, brass, 
bronze and other metals. Each has to be 
priced individually, and obviously will 
be of different price. For each of the 
metals, the direct basic material, brass 
ingot cost, etc., can be readily identified. 
The direct labor of melting can be 
determined. In a like manner, the direct 
labor and direct material for the mold 
can be reasonably identified. But much 
of the foundry labor and material used 


in melting and molding cannot be identi- 
fied, reasonably correctly, to a specific 
casting material, iron, brass, or steel. 
Hence such cost must be prorated to the 
various casting types by administrative 
judgment, such judgment being made on 
basis of records and past experience. By 
like means, the expenses of the central 
foundry offices, and miscellaneous shop 
expense must be prorated to the various 
casting types. Finally, it will be realized 
that the actual price, so obtained, is only 
available after the fact. Hence the 
castings must be sold on an estimated 
unit price basis, and the total return 
from sales balanced against costs, to 
determine the under or over-absorbed 
(profit or loss) for each specific type 
of casting, brass, iron, steel, etc. This 
over or wunder-absorbed balance by 
month, and to date, of course has a 
predominating influence on the esti- 
mated price of future sales. In total, the 
procedure becomes quite involved in 
actual practice, and process shop ac- 
counting, as a result, becomes a subject 
requiring individual study and skill. 
Power plant accounting procedures 
are somewhat similar to those of process 
shops. But here again the output is not 
homogenous. Various types of power 
must be priced separately, such as steam, 
electric, fresh and salt water, etc. Where 


practical, direct costs are determined to — 


a specific power. If not practical, costs 
are prorated to various powers. Ulti- 
mately, each power is priced and dis- 
tributed on a unit price basis. Such 
prices must again be an estimated price, 
with an over and under absorbed (profit 
and loss) balance being maintained for 
each power with adjustment of the esti- 
mated price being made from time to 
time. 

A word about who pays the costs of 
power. Power plants are not self-sustain- 
ing in operation like Process Shops. 
The entire cost of generating and dis- 
tributing all types Of power is initially 
borne by “Maintenance, Yards and 
Docks” appropriations. When the dis- 


294 


tribt 
cons 


3 

an a 
“Ma: 
prop: 
 rema 
Indu 
main 
B “Mai 
prop 
Ik 
trial 

who 
for c 
I hav 
tions 
meth 
to st 
costs 

| 


enti- 
ecific 
steel. 
o the 
ative 
Je on 
e. By 
ntral 
shop 
rious 
lized 
only 
the 
nated 
eturn 
s, to 
orbed 
type 
This 
e by 
las a 
esti- 
il, the 
p ac- 
ibject 
11. 

dures 


rocess” 


is not 
power 
steam, 
NV here 
1ed to 
costs 
Ulti- 
1 dis- 
Such 
price, 
‘profit 
ed for 
e esti- 
me to 


sts of 
istain- 
Shops. 
d dis- 
itially 
; and 
dis- 


SHIPYARD COST ACCOUNTING 


tribution or sale is to certain types of 
consumers, such as 
Ships (except vessels of Reserve 
Fleet) at Shipyard using utilities 
for berthing only, and/or pur- 
poses other than repairs or altera- 
tions. 
Naval hospitals 
Naval reserve training centers 
Ammunition depots 
Marine barracks 
Receiving stations and barracks 
Coast Guard stations 
Navy-sponsored activities 
Other government departments 
Process shops 
an appropriation adjustment, credit to 
“Maintenance Y&D,” debit to the ap- 
propriate appropriation, is made. The 
remainder of power costs are considered 
Industrial (or Non-Industrial) and re- 
main as overhead and a charge to 
“Maintenance, Yards and Docks,” ap- 
propriations. 

I have tried to show what are indus- 
trial costs, how they are made up, and 
who (Bureau or appropriation) pays 
for certain parts of these costs. So far, 
I have not tried to show how such por- 
tions of cost are paid, i.e., the procedural 
methods. The following should go far 
to show methods of paying overhead 
costs : 


(a) The direct labor and direct ma- 
terial used in productive work 
is paid for directly by the Bu- 
reau and appropriation ordering 
or requesting such work. As 
previously stated, such order 
or request may come direct 
from the Bureau or Office, or 
it may come from other Com- 
mand channels, such as_ the 
Commander in Chief of the 
Atlantic Fleet (or his type 
Commanders). Such Com- 
mands, however, have pre- 
viously received from the ap- 
propriate Bureau concerned an 
authorization to expend that 
Bureau’s funds, for certain 


specified purposes, up to, but 
not exceeding, certain amounts. 
In essence, therefore, they 
operate simply as agents of 
the Bureaus concerned. 

(b) Overhead costs are paid for 
mostly by “Maintenance, Bu- 
reau of Ships,” “Maintenance, 
Yards and Docks,” and “Main- 
tenance, Supplies and Ac- 
counts.” When occurring, they 
are charged direct to allotments 
issued from those Bureaus, to 
the Shipyard Commander, for 
the purpose of payment of those 
costs. These allotments are 
generally known as the Ship- 
yard Commander’s Budget. 
Some. years ago, some portions 
of the overhead costs were 
actually charged to the custom- 
er; i.e., the Command, order- 
ing or requesting the work. 
No matter how paid, it should 
be realized that the magnitude 
of the industrial cost is not 
changed. Thus the pre-war pro- 
cedure was but another pro- 
cedure for paying overhead 
costs. Sometimes, the pre-war 
method did have the effect of 
shifting the burden of part of 
the overhead costs to other 
Bureaus or to other appropria- 
tions. For example, presently 
if the Bureau of Ordnance 
orders work done in Naval 
Shipyards, for all practical 
purposes, it pays no portion of 
the overhead costs, such cost 
being borne by the Bureaus of 
Ships, Yards and Docks, and 
Supplies and Accounts. In pre- 
war years, when some of the 
overhead cost was charged to 
the customer, the Bureau of 
Ordnance would have paid part 
of the overhead cost. 


If at this time I have succeeded in 
giving a fair understanding of industrial 
costs, how they are made up, who pays 
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them, and how they are paid, I shall 
feel gratified. 

Now, I do not wish to confuse the 
subject, but there are several important 
variations in the system which I should 
cover briefly. 

Naval Shipyards often do work for 
other government activities, and some- 
times they do work for private parties. 
They also may do a considerable amount 
of New Construction and Conversion 
work for the Navy. When work of the 
foregoing categories are accomplished, 
the industrial overhead is costed exactly 
as for regular Navy work. However, in 
these instances, some, if not all, of the 
industrial overhead is actually charged 
the customer. 

When Shipyards do work for other 
government activities, the full industrial 
overhead rate, not including Deprecia- 
tion or Disability, is applied to es 
labor charges, and the full industria 
cost thus obtained is charged the other 
government activity. But, of the funds 
so obtained, only a portion of the over- 
head costs, perhaps 50%, rebounds to 
the credit of the Bureau of Ships main- 
tenance appropriations, the remaining 
50% of the overhead cost being turned 
in to the Treasury as “Miscellaneous 
Receipts.” This distribution may seem 
peculiar, as perhaps it is. I make no 
attempt to explain the logic of such a 
distribution. 

When work is done for private par- 
ties, the same costing and charging pro- 
cedure is followed but all overhead 
charges are turned in to “Miscellaneous 
Receipts, Treasury.” None of the charge 
for overhead rebounds to the credit of 
the Bureau of Ships appropriations. 

When Naval work of a New Con- 
struction or Conversion character is 
undertaken by a Naval Shipyard that 
work pays a great portion, if not all, of 
the overhead cost of performing the 
work and the amount of such overhead 
paid is credited to Bureau of Ships 
Maintenance Appropriations. The tech- 
nical means of making such charges to 


the Shipbuilding Appropriation, and 
credits to Maintenance Appropriations 
will not be covered in this paper. 

No doubt, some readers of this article 
may detect rather flagrant technical 
omissions or errors. To excuse myself. 
if such are detected, I ask the readers 
to remember that this article is written, 
not trom the background of an account- 
ing officer or an accounting expert, but 
from the background of a_ specialist 
officer (ED Classification) who has 
endeavored over the past years to under- 
stand and use the accounting system as 
an assistance in management. 

It may be appropriate at this time to 
introduce some personal opinions and 
ideas of my own on the general question 
of Cost Accounting. 

One question constantly arises: Does 
the Navy use a true industrial overhead 
cost? The answer to this can only be 
that it does not. I have already shown 
that depreciation and disability, although 
calculated. are dropped in the final 
determination of industrial costs. There 
can be no doubt that such costs are real. 
and must be used continuously in com- 
mercial practice to avoid bankruptcy. 
Other overhead costs encountered in 
commercial practice, are not found listed 
in the shipyard industrial costs. Such 
items are sales promotion, cost of sales. 
taxes, insurance and, of course, profit 
whether or not profit be called overhead. 

On the other hand I do not wish to 
leave an impression that the Naval Ship- 
yards have a great advantage over com- 
mercial industries in the matter of 
overhead burden. Naval Shipyards must 
absorb certain overhead costs not found 
in commercial industries. Many com- 
mercial industries have liberal vacation 
and sick leave policies, yet, to my 
knowledge, none have policies as liberal 
as the Government grants its employees. 
including those in Naval Shipyards. The 
difference is significant and a very con- 
siderable portion of the overhead burden 
in Naval Shipyards can be attributed 
directly to annual leave, sick leave and 
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holiday pay. Also, Naval Shipyards 
carry a unique overhead burden caused 
by what I might call the industrial ills 
of high and extremes of plant capacity. 
A commercial plant, at least to some 
extent, can pick and choose its work. 
It can manufacture the articles it selects. 
It can accept repair work or manufac- 
turing orders compatible with a limited 
plant capacity. Naval Shipyards, on the 
other hand, for military reasons if for 
no other, must have a plant capable of 
accomplishing for Naval vessels, repair 
work of any degree of complexity and 
of any magnitude and size. This re- 
quires that the plant facilities of the 
Naval Shipyards must be very highly 
developed. Besides finding many single 
purpose machine tools of extremely high 
precision, we also find, machine tool 
equipment of extremely high capacity. 
Lathe equipment ranges from the finest 
of jewelers lathes to lathes capable of 
swinging items twelve feet in diameter 
or turning and boring shafting eighty 
feet long. Twenty or twenty-two foot 
boring mills are not uncommon. I know 
of at least one thirty-foot mill. Crane 
capacities range up to four hundred 
tons. Dry docks over a thousand feet 
long with forty feet of water, or more, 
over the sill are available in the larger 
Yards. Obviously much of this high 
capacity or specialized equipment can 
be fully utilized but occasionally and, 
while the Navy absorbs no depreciation 
charge in its overhead rate, there is a 
large maintenance and upkeep cost on 
these tools, all of which adds to the 
overhead burden. 

In the exhibits a rate of about 85% 
is shown. The question often arises— 
what is an appropriate or satisfactory 
overhead rate? Is this rate of 85% high 
or low? In answering’ this question, it 
must first be accepted that the quantita- 
tive value of the overhead rate, or the 
actual amount of the overhead cost, is 
not an item which determines or meas- 
ures whether a plant is operating ef- 
ficiently or not. A plant with low 


overhead may be, and often is, consider- 
ably less efficient than one with high 
overhead, in that the total unit cost of 
the work output item is considerably 
higher. A simple example will illustrate 
this point. Suppose we have a black- 
smith forging an item of equipment. 
The essential plant property he will use 
is a small forge, an anvil and a few 
hammers and other hand forging tools. 
At any rate, the plant investment would 
be quite low, and the maintenance 
charge correspondingly low. He may 
work on each forging an entire day, and 
an entire day’s labor would thus be 
charged to each individual forging. 
However, the overhead rate would be 
relatively low—perhaps 20%, and con- 
sequently we would have a case of a 
unit of output to which high direct labor 
costs are charged, but relatively low 
overhead costs are charged; that is, a 
low overhead rate obtains. Now suppose 
that we manufacture this forging by 
means of a drop forging process. We 
must have a drop forge which in itself 
is an expensive item carrying a large 
maintenance charge and which requires 
a rather large power load, with its cost. 
There is also the expense of making dies, 
and replacing dies when worn. Dies are 
a very expensive item, and the cost of 
maintenance on such dies will be con- 
siderable. But, the operation now is a 
very rapid operation. Forgings which 
perhaps previously took an entire day’s 
time to produce are fully produced and 
completed in but one operation of the 
drop forging press. It may now take 
two or three men to operate the drop 
forging press whereas before we had 
but one man, the blacksmith, at work. 
Moreover, with the units of output being 
made so rapidly, it is no longer possible 
to identify the work of any one of these 
men directly to a single unit of output. 
And as a consequence, we have as the 
result the production of an item with no 
direct labor charges and all wages, 
power, depreciation, etc., being charged 
as overhead. In which instance, the 
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overhead rate would be infinity. Cer- 
tainly, however, we must admit that 
the latter operation is far more efficient, 
and the unit of output would be far 
cheaper than when the forging is pro- 
duced by hand methods. 

Another example: an under-develop- 
ment of service activities usually means 
that total cost of work will be excessive 
due to high labor costs, although over- 
head costs may be low. It is nearly an 
axiom that if supply functions, crane 
and transportation services, etc., operate 
at their maximum efficiency, then pro- 
duction functions will operate at lowered 
efficiency. The service activities named 
must be manned to meet the averages of 
normal peak demands of the productive 
forces, which usually means that those 
service activities are operating at less 
than maximum efficiency a large part of 
the time. It requires a nice judgment 
in the managerial group to determine 
the level at which service activities 
should operate to obtain the best prac- 
tical operating efficiency of the produc- 
tion force, and the least total cost of 
output. 

On the other hand, I wish to warn 
that a high overhead rate is not at all 
presumptive of efficiency. It may be 
that we have simply overburdened the 
productive process with far too many, 
or too highly developed, service activi- 
ties or overhead functions. 

It should be realized, too, that the quan- 
titative value of overhead is, to some 
extent, dependent on rules of accounting, 
themselves subject to change. To that 
extent “overhead” is “what we make it.” 
By the rules, all drafting, design and 
transportation costs are classified as 
overhead. Yet it will be easily recog- 
nized that, in many instances, the work 
of draftsmen. engineers, and _ truck 
drivers could be identified to a specific 
productive job order. If such men, so 
identified, were to be charged directly 
to the productive job order, overhead 
costs and overhead rates obviously would 
be reduced. 


It we can then agree that an overhead 
rate, in itself, is not indicative of ef- 
ciency, what is indicative of efficiency 
in the overhead rate? The most signifi- 
cant indication is changes in that rate, 
or changes in the amount of overhead 


being charged. Such changes must come | 


about for some reason. The detailed 
constitution of overhead costs, and the 
changes, are the items to which the 
efficient manager of an institution fo- 
cuses his attention, not to the quantita- 
tive value. From the above, I think we 
will all agree then that there is no 
quantitative figure that represents a 
fair or a proper value of the overhead 
rate. 

Currently, a question popular in 
Naval circles—is the present method of 
paying overhead costs, that is, by direct 
allotment to the local level, as satisfac- 
tory as a method requiring the recipient 
of the productive work to shoulder his 
equitable share of the overhead? There 


are two sides to this question. Either | 
method has advantages and disadvan- © 


tages. It has sometimes been found 
that it is quite difficult to balance the 
overhead funds required in a Naval 
Shipyard with the productive funds that 
may be made available for work. It is 
possible for the Bureau of Ordnance to 
have ample funds to accomplish certain 
manufacturing work. Yet the Bureau of 
Ships or the Bureau of Yards and 
Docks, or the Bureau of Supplies and 
Accounts, may be so short of overhead 
funds that there will not be sufficient 
funds in the Commander’s Budget to pay 
the leave, supervision and miscellaneous 
costs of overhead needed to support the 
productive workers required to perform 
the work of the Bureau of Ordnance. 
This is a real problem and is constantly 
encountered by the Bureaus and _ the 
Shipyards. It requires a great deal of 
administrative and management talent 
to keep the funds balanced, and the 
results are not always completely satis- 
factory, but there is usually a solution 
to this problem by one means or another. 
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To one experienced in both methods 
of paying for overhead, there is no 
question that the present method, where 
overhead is paid by an allotment to the 
Shipyard Commander. has the effect of 
forcing a great deal more attention of 
the Yard management on elements of 
overhead. In the prewar days when pro- 
ductive work itself carried its share of 
the overhead, or a sizable portion there- 
of, there was a tendency not to worry 
too much about what the overhead costs 
were, since the customer was going to 
pay anyway, and since he had no choice 
but to pay—his ability to shop around 
between Naval Shipyards was extremely 
limited, and except in rare instances, he 
couldn’t turn to commercial plants.—so 
why worry. Now, however, with the 
overhead costs payable by allotment of 
which the Commander himself has the 
cognizance, costs of the overhead type 
are very carefully considered and scru- 
tinized continually. There can be no 
doubt that such scrutinization tends 
toward efficiency of operation, and re- 
duction of actual overhead to the re- 
quired minimum. A disadvantage of 
the present system of paying overhead 
costs is that the customer fails to obtain 
an appreciation of the true cost of work, 
or what he gets. Since he is paying but 
the direct labor and direct material costs, 
he is often prone to believe that the 
work is not very expensive, particularly 
when compared with other commercial 
institutions, who make a charge to him 
for overhead, profit, etc. This is but an 
exemple of mental confusion between 
appropriation charges and_ industrial 
costs of work. The pre-war method 
served a better purpose in convincing 
the customer of the real cost of work, 
even if, at that time, he usually thought 
it was too high. 

Another question constantly to the 
front in present days: Why should not 
Maintenance, Bureau of Ships, pay all 
the overhead costs? The reasoning back 
of this question is—the Bureau of Ships 


has management control of Naval Ship- 
yards, and therefore, should be financial- 
ly responsible for all overhead expenses 
within those yards. Certainly such pro- 
cedure is possible and could be arranged. 
To do so, would, however, require an 
adjustment in appropriations between 
the three Bureaus now paying the over- 
head expenses with Maintenance Bureau 
of Ships being increased, and the appro- 
priations of the other two Bureaus de- 
creased. Thus changing the present 
method of paying overhead costs would 
involve high policy decisions even out- 
side the Navy Department. Such a 
change is not practical until the appro- 
priation adjustments are made and be- 
come effective. This would require 
different budgeting in presenting ap- 
propriation requests to Congress, accom- 
plishment of which would require full 
concurrence of the Bureau of the Budget 
and of Congress. To date such full 
concurrence has not been forthcoming, 
but I understand a change toward the 
above ends will be made in the next 
fiscal vear. 

Is the present accounting system 
satisfactory ? In answering this question, 
the Navy’s Accounting System must be 
considered not only in the light of its 
service to the Navy but in light of the 
service given to Congress. It is to 
Congress that the Constitution gives the 
power to raise revenue and make ap- 
propriations. Congress has expressed 
its requirements and needs in meeting 
this task, in many laws and rules re- 
lating to estimates, appropriations and 
costs. By and large the present account- 
ing system has seemed to satisfy most 
of the Congressional requirements. In 
other words, the present system serves 
satisfactorily to render service to Con- 
gress. For the Navy service, it is more 
difficult to make the same statement. 
Accounting is complex and it does not 
have wide understanding. As a conse- 
quence, much confusion exists in the 
minds of officers and civilians of the 
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Navy concerning certain of the account- 
ing practices. A major confusion arises 
by failure to make proper distinction 
between appropriation charges and in- 
dustrial costs. Lack of knowledge of 
how certain industrial costs are paid 
contribute strongly to confusion. A lack 
of realization that accounting is but a 
means of administration and is not the 
end in itself also contributes to the 
general confusion. Many general com- 
plaints are lodged against certain ac- 
counting rules, such complaints appar- 
ently being registered without the 
realization that the rules are subject to 
change if need be. If we can but 
remember that accounting is a tool of 
administration, a tool for proper man- 
agement, and does not control manage- 
ment, then we perhaps will have a 
clearer approach to understanding. Ac- 
counting should not dictate what is to 
be done, it should simply keep records 
of what has been done so that the 
managers of the Navy can understand 
what is going on. In my opinion, much 
of the present dissatisfaction of the ac- 
counting system among Naval personnel 
can be attributed to the failure of 
Naval personnel to thoroughly under- 
stand accounting principles, and lacking 
that understanding, their inability to 
use the accounting system as a proper 
tool to accomplish desired ends. 

The Navy does receive one dividend 
from the accounting practices in naval 
shipyards that is rarely appreciated out- 
side those officials intimately connected 
with the management of naval shipyards. 
The present accounting system, with 
modifications, has been in effect for 
about 40 years. This span of time, with 
but few exceptions, covers the working 
life of nearly all employees and officers 
connected with shipyard management 
and operation. Among responsible 
civilians and officers, there is a full 
realization that employment; i.e., sta- 
bility of employment, in a naval ship- 
yard is dependent entirely on work as- 
signed. Assignment of work brings with 
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it funds, and these funds pay the wages 
of employees. Work assignments to a 
naval shipyard are somewhat similar to 
“orders booked” by a commercial firm. 
The continued life of an organization 
depends on “orders booked,” and for a 
naval shipyard depends on work as- 
signed. As a result, there is a sustained 
incentive to do good work as cheaply as 
possible, and to give the customer satis- 
faction. The consumer, it may be true. 
is internal within the Navy, yet it is 
fully realized by a Shipyard that con- 
tinued work assignments rest on a firm 
foundation of good work records of the 
past. This feeling and desire for work 
and more work permeates the entire or- 
ganization, organized employees groups 
as well as the management groups. 
There can be no doubt that this appre- 
ciation of the requirement for more 
work tends towards improvement in 
operation and efficiency at all times. 
The government in recent years has 
initiated a rather large program, headed 
up by the Bureau of the Budget called 
“Work Measurement.” The Navy is 
pursuing its part of that program. Con- 
siderable thought and effort has been 
applied to the mechanics and operation 
of the program. The thought back of 
the program is to develop standards for 
work, standards of manpower require- 
ments, perhaps standard material re- 
quirements, and other items. Then with 
these standards in mind, actual measure- 
ment of work output, with subsequent 
verification or back check against the 
original standards being made. If one 
stops to think it should be realized that, 
in our industrial cost accounting system, 
we have a fully developed and operating 
work measurement program. Productive 
work is specified in great detail, esti- 
mates are made, and the final costs are 
measured against those estimates. The 
estimates are made against developed 
standards of accomplishment or by de- 
tailed process analysis. What is this but 
a full-fledged work measurement pro- 
gram? It is true that because the work 
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output of a Naval Shipyard is extreme- 
ly varied, the work on no two ships 
being identical, nor the work on any 
two items being identical, the ability to 
develop constant standards of work is 
unattainable. It is impossible to say 
that a pump should take so many dollars 
or hours of work. The pump may be of 
different size than another pump or, 
it may be, if of the same size, in dif- 
ferent condition, and the one pump may 
require a great deal more repair work 
than the other. Nevertheless, even with 
these different types of output work, 
each instance is specifically estimated, 
the work accomplished, and the resulting 
cost in time and money measured against 
the estimate. 


My understanding of cost accounting 
in the Navy has come to me over the 
many years as a result of experience, 
sometimes difficult, augmented by con- 
stant reference to the Bureau of Sup- 
plies and Accounts Manual where the 
present system is technically outlined in 
detail. For those individuals that wish 
to pursue further the study of Naval 
Shipyard Cost Accounting, as regards 
the technical details, and to fill in the 
parts of this article poorly covered or 
omitted, the most important references 
are the Bureau of Supplies and Accounts 
Manual, Volumes VI and VII. In those 
volumes, Chapters 4 and 7 of Volume 
VI and Chapters 2 and 5 of Volume VIT 
are the most pertinent chapters. 
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reliminary and detail 


INTRODUCTION 


The time required for a naval archi- 
tect to produce a satisfactory prelimi- 
nary design for a new ship is a function 
of the amount of data in his possession 
for similar or related vessels, together 
with the degree of divergence in char- 
acteristics from the most nearly similar 
ship whose particulars are known. In 
the following analysis, the author has 
investigated certain features which can 
be delineated graphically; i.e., items 
which show a definite trend over a 
wide range of vessels. 

Graphical presentation has several 
distinct advantages to the designer. 

1. A given value can be checked 
at a glance. 

2. Any new data can be added on 
existing curves and, as later 


trends are established, new 
curves can be drawn ac- 
cordingly. 


3. Numerical errors resulting from 


the use of formulae are reduced 
to a minimum. 

4. Variations from normal or 
average practice may be dis- 
cerned, as soon as they appear, 
and the reasons for such vari- 
ation investigated before sub- 
sequent work is undertaken. 

The author has, therefore, not at- 
tempted to compile a complete treatise 
on preliminary design, but, rather, has 
concentrated on general, related char- 
acteristics that may be useful for 
normal types of ships with large 
changes in important variables. He 
has, in all cases, presented the reason- 
ing behind and development of each 
individual plot, so that another de- 
signer, who may specialize in a par- 
ticular type of vessel, can prepare simi- 
lar curves, covering a more limited 
range, but adapted to his specific 
requirements. 
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DISPLACEMENT 


Before a definite preliminary design 
of a normal freighter or tanker can be 
undertaken, the speed and deadweight 
carrying capacity must be stipulated or 
estimated. The term, speed, is as- 
sumed, in all subsequent analyses, to 
mean the required service speed at 
sea. Then as a first step in the design 
of the ship, the naval architect must 
estimate the loaded displacement re- 
quired. 

Figure 1 shows values of dead- 
weight divided by displacement for 27 
large and medium-sized American cargo 
ships built within the last fifteen years. 
These deadweight-displacement ratios 
are plotted as ordinates with corre- 
sponding speed-length ratios as ab- 
scissae. These items are defined as: 


Deadweight-Displacement 


D.W. 

Ratio 

Speed-Length Ratio 
VL 


D.W. = deadweight at designed load 
draft in long tons. 


A = displacement at designed load 
draft in’ long tons. 

V =} service speed in knots. 

L = length between perpendiculars 
in feet. 

Although, from a resistance stand- 
point, it would be more logical to use 
the load water line length, the length 
between perpendiculars is usually more 
convenient and more representative of 
the actual size of the ship. The former 
is a function of end profiles, which will 
not be established until a later stage 
in the design. In addition, when pub- 
lished data are referred to, the latter 
value may be the only one available. 
Hereafter, length should be interpreted 
as that between perpendiculars unless 
it is specified to the contrary. 

Figure 1 has introduced length.as a 
variable, even though this has not, as 
yet, been determined. It is not too im- 
portant a one, at the moment, and can 
be approximated from a known vessel 
of comparable deadweight. Since a 


range of + 0.03 from mean values of © 


deadweight-displacement ratio is shown, 


aw 
4a 
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° ° 
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Fig. 1.—Deadweight-Displacement Ratios for Freighters.) 
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Fig. 2—Deadweight-Displacement Ratios for Tankers. 


a certain amount of judgment is re- 
quired to select a suitable value. The 
following items contribute toward lower 
values of the ratio. 


2. 


3. 


Riveted construction. 
Strengthening for navigation 
in ice-filled waters. 

Extensive cargo-handling fa- 
cilities. 

The refrigeration of certain 
holds; in fact an all refriger- 
ated ship will fall below the 
lowest line in the figure. 
Limitation in draft for shallow 
water service or from a flood- 
ing standpoint. 

Large numbers of holds or 
‘tween decks. 

The use of direct-connected 
diesel machinery. 


contributing to higher values 


Welded construction. 

Extensive use of light alloys 
for, superstructure and fittings. 
Elimination of cargo handling 
in bulk-cargo vessels. 

Full-scantling ships taking ad- 
vantage of the minimum statu- 


tory freeboard. 


Figure 2 shows similar values and 
trends for 23 large and medium size 
American tankers of normal type. Be- 
cause there are fewer variations be- 


tween 


individual ships, a range of 


+ 0.02 is shown. 


Features contributing to lower dead- 
weight-displacement ratios are: 

1. Riveted construction. 

2. Flat plate bulkheads. 

3. The use of scantlings greater 
than classification requirements 
as an extra corrosion allowance. 

4+. Provision for split cargoes with 
extra tanks, cofferdams, piping, 
and pump rooms. 
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Fig. 3.—Deadweight-Displacement 
Ratios for Liners. 
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Higher values may be obtained with: 

1. Welded construction. 

2. Fluted bulkheads. 

3. Large tanks and limited pumps 
and piping for a single grade 
of cargo. 

Large tankers of unusual design, 
such as the Phoenix,! may show higher 
values than those covered in Figure 2. 
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Figure 3 is not intended for design 
purposes, but is included to complete 
the general picture of carrying capacity 
for the passenger ship case. Foreign 
vessels are included to widen the range 
which varies from 0.60 for a cargo 
liner with a limited number of passen- 
gers to 0.20 for a superliner or cross 
channel steamer. 


LENGTH 


Having completed a first estimate of 
load displacement, by using the simple 
ratios plotted in Figure 1 for a 
freighter; Figure 2 for a tanker; or by 
an extensive analysis, not detailed here, 
for a passenger ship, the next step is 
to establish a trial length for the vessel 
being designed. This is a difficult one, 
for a designer can find little published 
information to aid him in arriving at 
a satisfactory answer. Certain aspects 
of the problem have, however, been 
considered by Messrs. Comstock** 
Baker* and Lachowski.’ The first was 
formulated some years ago and needs 
modification, the second represents 
British practice for a specific type of 
vessel, and the third, based on work 
by Hecksher of the Hamburg tank, is 
based on a length for minimum re- 
sistance. As a result, none is a com- 
pletely satisfactory means of attacking 
the particular problem. 

Every designer has solved the length 
problem, to his own satisfaction; there- 
fore, a group of previous solutions are 
available as a logical guide for future 
work. For a starting point, in this 
analysis, beam and draft values for 
37 American designs were plotted op- 
posite length in Figure 4. Shallow draft 
vessels, and craft of unusual propor- 
tions were excluded. The ships used 
are ocean and coastwise freighters, 
tankers, and liners; all are merchant 


1 References are given in the bibliography. 
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Fig. 4—American Ship Proportions. 


ships with relatively full midship sec- 
tions. Mean curves of beam, draft, 
and the beam to draft ratio were 
drawn. This establishes a set of aver- 
age ship proportions with length as a 
basic variable, but does not include the 
fineness of the hull. 

Figure 5 shows prismatic coefficients 
for almost 50 ships as a function of 
speed-length ratio. The mean curve 
is identical with Baker’s 1943 proposal.* 
If it is shifted, horizontally, 0.10 speed- 
length ratio in either direction, the re- 
sulting band will include all the vessels 
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shown. The top line represents full 
ships, the mean line normal ones, and 
the bottom line fine vessels. If at- 
tention is limited to the ordinary mer- 
chant hull form with little or no dead 
rise, no greater error will be introduced 
by using a midship section coefficient 
of 0.97, in order to convert prismatics 
to block coefficients. Then, Figures 4 
and 5, together with the foregoing as- 
umption, define three series of ships 
ith length between perpendiculars and 
service speed as primary variables. 
Beam, draft, prismatic coefficients (and 
ence blocks) can be read off the 
urves; displacements, displacement- 
ength ratios, and the beam-draft ratio 
an be computed. Furthermore, these 
lements are all the ones required for 
stimating wetted surface and effective 
orsepower by means of Taylor’s 
Standard Series.° 

The author has made these compu- 
ations for vessels from 200 to 800 
eet in length with displacements of 
000 to 40,000 tons in salt water. 
igure 6 shows the displacement-length 
atios derived, and Figures 7, 8, and 9, 
espectively, the speeds, lengths, dis- 


Fig. 5.—Prismatic Coefficients. 


Fig. 6.—Displacement-Length Ratios. 


placements, and effective horsepowers 
for the full, normal, and fine series of 
vessels. In the development of these 
curves length was considered the basic 
variable. Conversely, once they have 
been developed, displacement and speed 
may be used in determining a suitable 
length. 
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Fig. 7—Displacement, Length, and Speed—Full Ships. 
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Fig. 8.—Displacement, Length, and Speed—Normal Ships. curves 
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Figure 8 may be considered to repre- 
sent average American practice, as 
determined in Figures 4 and 5, the only 
assumption involved being the midship 
section value of 0.97. From this figure, 
as soon as displacement and speed are 
known, a trial length and first approxi- 
mation of E.11.P. can be read off. Simi- 
lar values for a fuller and finer ship 
can be obtained from Figures 7 and 9 
and the effect of variation in horse- 
power with length determined. 

Although not too important, at this 
stage, both displacement and_horse- 
power include the effect of appendages. 

The shapes of the horsepower curves 
are quite interesting. They are smooth 
and fair for the fine ships. In the 
normal ones, unfairnesses appear where 
bow and stern waves interfere. In the 
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tull ships, the interference is quite 
marked; in fact, in some regions, it is 
possible to increase speed, at constant 
displacement and a slight increase in 
length, without an increase in power. 

Table 1 compares the values taken 
from Figures 7, 8 and 9, with data 
for eight vessels built in this country 
during the last ten years. It should be 
noted that the tankers, in particular, 
conform quite closely to the full ship 
values of Figure 7. For these ships, 
in order to have sufficient room for 
their machinery at the stern, a rather 
high prismatic is chosen. For a cargo 
ship er passenger vessel, with ma- 
chinery amidships, one can take ad- 
vantage of a finer prismatic and reduced 
power requirements. 


| LENGTH 
> = SS 
Jo00-+ 
SLAVICE SPEED 
Fig. 9.—Displacement, Length, and Speed—Fine Ships. 
TRANSVERSE AND LONGITUDINAL METACENTERS 
The previous sections presented for a normal ocean or coastwise vessel 


curves for use in making a first ap- 
proximation of displacement and length 


whose draft was not severely restricted 
by service conditions. 
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TABLE 
Serv- 
Displ. ice As Built Figure 7 Figure 8 Figure 9 
Tons | Speed Full Ship Normal Ship Fine Ship 
Type 
S.W. | Knots|| E.H.P. |L.B.P.|| E.H.P. |L.B.P.|| E.H.P. |L.B.P.|; E.H.P. | L.B.P. 
Twin Screw Atlan- 
pe eee. 34,700 | 22.5 || 21,500 661 || 23,000 665 || 20,500 690 || 19,000 715 
Twin Screw Tanker.} 23,200 | 18.0 8,650 525 8,600 525 7,900 542 7,500 560 
Single Screw Tanker | 21,200 | 15.0 4,500 488 4,400 490 4,200 505 4,100 520 
Twin Screw Pass. 
and Cargo Liner..}| 14,000 | 16.5 4,350 472 4,800 425 4,400 440 4,200 455 
| 
Single Screw 
Preignter........: 14,000 | 15.5 3,670 445 3,900 420 3,600 432 3,400 445 
Single Screw 
Freighter........ 12,900 | 14.0 2,580 395 2,650 400 2,450 410 2,400 420 
Single Screw 
Freighter........ 7,450 | 11.0 900 320 900 315 870 | 325 850 335 
| 
Single Screw Tanker | 2,200 | 10.0 213 205 210 215 
| 


Beam is usually determined, in con- 
junction with draft and suitable .pris- 
matic and midship section coefficients, 
to provide adequate stability. Let us 
consider, therefore, the variables re- 
quired to locate the position of the 
transverse metacenter. At present, this 
will be investigated only at the load 
draft, but later work will widen the 
field. 

The height of center of buoyancy 
above baseline can be easily, and quite 
accurately, estimated by: 

KB (H) 
KB = distance from baseline to vertical 
center of buoyancy. 

H = draft. 

C,, = water plane coefficient. 

C, = block coefficient. 

It is assumed that the above coeffi- 
cients are based on the length between 
perpendiculars. Figure 10 may be used 
as a guide for estimating the water- 
plane coefficient for almost all types of 
ships except those with transom sterns. 
The 46 vessels plotted include liners, 
tankers, freighters, tugs, trawlers, ship- 
shaped barges, and even a submarine. 


The transverse metacentric radius, or 
height of metacenter above center of 
buoyancy is: 


C,LBH V? C,H 
BM, =—height of metacenter above 
center of buoyancy. 
I—transverse moment of in- 
ertia of waterplane. 
Vi= volume of water displaced. 
C, = transverse inertia coefficient. 
L=length between 
perpendiculars. 
B = beam at waterline. 
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Fig. 10.—Load Water Plane Coefficients. 
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Fig. 11.—Transverse Inertia Coefficients. 


Figure 11 shows values for the trans- 
verse inertia coefficient and is equally 
wide in its application as Figure 10. 
Once again the transom stern case must 
be excluded. These two figures show 
that, once the prismatic and midship 
section coefficients and principal dimen- 
sions are fixed, we have all the neces- 
sary elements required for determining 
the location of the transverse meta- 
center. For purposes of calculation, let 
us assume, as we have done previously, 
a midship section coefficient of 0.97 for 
the normal type of merchant ship. Fig- 
ure 12 shows ratios of KM to draft for 
ships with a midship section coefficient 
of 0.97, prismatics varying from 0.55 
to 0.825 and beam to draft ratios from 
2.0 to 4.0. By the use of the correction 
curve, at the bottom of the figure, the 
results may be modified for midship 
section coefficients from 0.95 to 0.99. 
The correction is added for values be- 
low 0.97 and subtracted for those above. 

Longitudinal stability can be exam- 
ined in an analogous manner: 

C, + C,H 
KM, =—height of longitudinal meta- 
center above base line. 

Ci, longitudinal intertia coefficient. 

Here, however, we assume the center 
of gravity of the ship is at the load 
waterline and plot values of GM:z/H, 
the longitudinal metacentric height divid- 
ed by draft. Figure 13 gives the values 
of longitudinal inertia coefficient and 
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Fig. 12.—Transverse Metacenters at 
Load Draft. 


Figure 14 summarizes the calculations 
covering length to draft ratios from 10 
to 30, prismatics from 0.55 to 0.825, 
with a midship coefficient of 0.97. Once 
again, the lower part of the figure gives 
corrections for midship coefficients 
within the range of 0.95 to 0.99, but 
this refinement is usually omitted. Ex- 
treme accuracy in longitudinal stability 
is rarely required at any early stage of 
the design process. 
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Fig. 13.—Longitudinal Inertia Coefficients 
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FORM CHARACTERISTICS AT OTHER DRAFTS 


In the last section, curves were pre- 
sented for estimating the position of 
longitudinal and transverse metacenters 
from the principal dimensions and form 
characteristics of a vessel in the load 
draft condition. It may be necessary, 
however, to examine variations in dis- 
placement and stability with draft for 
some types of vessels. A tanker will 
have its minimum metacentric height at 
load draft with free surface in all tanks. 
A cargo ship, cn the other hand, will 
usually have the minimum stability at 
the end of a voyage started at load 
draft, when all the fuel and water are 
used from the double bottoms. And a 
fine ship, of the liner type, will have 
the minimum metacentric height in the 
light condition. 


The element most useful for represent- 
ing vertical distribution of displace- 
ment is the vertical prismatic coefficient, 
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Fig. 14.—Longitudinal Metacentric Heights 
at Load Drait. 
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Fig. 15.—Vertical Prismatic Coefficients. 


C, 
This has been already introduced, in 
effect, by using the equation for vertical 
center of buoyancy: 


This may be transformed to: 
1 
Get 


In order to ascertain the ordinary 
range of vertical prismatics, values of 
water plane coefficient were taken from 
Figure 10, and block coefficients ob- 
tained by multiplying prismatics by mid- 
ship coefficients varying from 0.95 to 
0.99. Figure 15 shows that, for the 
average ship, there is a definite rela- 
tionship between longitudinal and ver- 
tical prismatics. Figure 16 gives corre- 
sponding approximations of the vertical 
center of buoyancy, which were, inci- 
dentally, used in the construction oi 
Figures 12 and 14. 


KB= 


(H) 


(H) 
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Fig. 16.—Vertical Centers of Buoyancy. 


Two excellent investigations of form 
characteristics with varying draft have 
been published: one by Comstock’ and 
the other by Dyer’, both of which give 
quite consistent results: 


According to the latter: 


A, =displacement at an intermediate 


draft. 

C,,= block coef. at an intermediate 
draft. 

C,, = waterplane coef. at an intermedi- 
ate draft. 


A = waterplane area at load draft. 
A, =waterplane area at an intermedi- 
ate draft. 
H, = intermediate draft. 
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Plots of these variations are given in 
Figures 17 and 18; these can be used 
in conjunction with a vertical prismatic 
from Figure 15 to obtain displacements, 
tons per inch, and, hence, deadweights 
of a vessel once these have been deter- 
mined for the load draft condition. 

The author has used neither the 
Dyer nor the Comstock formulation for 
computing metacenters but, for reasons 
of consistency, has calculated them, 
exactly as in the previous section, based 
on the following assumptions: 


1. Block coefficient and water 
plane coefficient variations are 
taken from Figure 18. 

2. Transverse inertia coefficients 
are taken from Figure 11. 

3. Vertical prismatics are in ac- 
cordance with Figure 15. 

4. For determining the vertical 
centers of buoyancy, there is 
no variation of vertical pris- 
matic with draft. 


Figures 19 through 22 present the 
results of the foregoing assumptions 
and calculations for the 0.97 midship 
section case, each with its correction 
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TABLE II 


Fraction | Displacement Tons/In. KM Displacement || Tons/In. KM ZO. 
4 

Draft Act. Pred.|} Act. Pred. |} Act. * Pred. |} Act. Pred. |} Act. Pred. |} Act. Pred. 
1.00 |17,500 17, 59.8 59.9|| 29.0 28.8 || 5925 || 29.1 29.1 19.8 19.9 curve 
90 {15,400 15,500] 58.2 58.9 || 28.7 28.7|| 5275 5250]] 28.6 28.7]] 19.8 19.9 Figur 
80 {13,450 13, 56.8 57.8 || 28.8 28.7|| 4600 4600|| 28.2 28.2 || 20.0 20.0 0.70 
550 11, 55.4 56.4|| 29.3 29.2 |] 3975 3950 || 27.7 27.7|| 20.6 20.6 shoul 
- wher 
Type Cargo Ship Taoker usual 
Prismatic 0.678 0.737 aaa 
those 
B/ 2.44 2.54 
Vertical Prismatic 0.858 0.878 unde 
Midship Section 0.982 0.992 No 
Actual GML 476 320 load | 
Predicted GML 483 336 trans 
were 
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Fig. 18.—Variation of Water Plan Area or Block Coefficient with Draft. | 


curve; they are identical in form with 
Figure 12 and cover the range from 
0.70 load draft to 1.10 load draft. This 
should be ample to include the point 
where minimum stability occurs in the 
usual liner or freighter. Note that the 
prismatics and beam to draft ratios are 
those for the load draft condition, and 
do not change with the particular draft 
under consideration. 

No values are given below 0.70 of 
load draft because the accuracy of the 
transverse inertia coefficient, which 
were primarily given for the load draft 


condition in Figure 11, begins to fall 
off. However, a curve of KM plotted 
for the range given by Figures 12 and 
19 through 22 should be ample for 
design purposes until lines are drawn 
and more exact computations made. 
Table II gives predicted values from 
the preceding figures and actual ones 
from the displacement curves for one 
large and one small ship. The actual 
vertical prismatic of each ship was 
used in determining the displacement 
and tons per inch variations. 
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Fig. 23—Cargo Ship Depths. 


DEPTH 


Depth is a rather complex variable 
in the design process, since it affects 
freeboard, cubic capacity of the hull, 
the location of the vertical center of 
gravity, longitudinal strength, and ton- 
nage. Only the first two aspects will 
be considered here. 

For a first approximation, Figure 23 
shows that the normal American cargo 
ship has a depth to the uppermost con- 
tinuous deck of 1/12 to 1/10 of the 
length between perpendiculars. Tank- 
ers, above 300 ft. in length, are some- 
what shallower; Figure 24 indicates 
the fraction of length falling between 
1/14 and 1/12. 

Since draft is usually fixed in ad- 
vance of depth, it is necessary to add 
at least the statutory freeboard, for a 
full scantling ship, with the upper 
tween deck height, in addition, for a 
shelter deck type of freighter. Figures 
23, 26 and 27 may be used as rough 
guides for minimum depth. These have 
been prepared, in accordance with the 
Freeboard Rules’ for freighters with 


standard sheer and camber and a block 
coefficient, at 85% of the freeboard 
depth, of 0.68 or less. For the shelter 
deckers, the tween deck height is shown 
and a tonnage well 6 ft. long is as- 
sumed. Note that the L/D values given 
are to the upper-most continuous deck 
and not to the freeboard deck, except 
for the case where these decks coin- 
cide. Thus, given length and draft, it 
is possible to read off the L/D ratio 
for the type of vessel under considera- 
tion and, tentatively, establish a mini- 
mum depth. For fuller ships, or those 
where non-standard characteristics are 
contemplated, the Freeboard Table cor- 
rections can be made to the depths 
shown in Figures 25 to 27. 

The tanker case is considered, in an 
identical manner, in Figure 28. Here 
a value of 35% of length is assumed 
for intact superstructures. The chief 
variations from standard, in this type 
of vessel, are fullness and sheer; the 
former is almost always in excess of 
0.68 and the latter less than standard, 


Al7 


ac | 
£50 ISO FSO 
at 90% 
at 70% 
|| 


GRAPHIC DESIGN AIDS 


DEPTH 
° 
IO t/e7 
JISO #00 500 SSO 
LLIVGTHY B.F FF 


Fig. 24.—Tanker Depths. 


and may be introduced only at the ends 
of the vessel, or omitted entirely. Ap- 
proximate correction curves are given 
for the omission of sheer and increase 
in fullness. These corrections should 
be added to the designed draft before 
entering the first part of the figure. 
Since the three-island type of 


freighter is almost past history, on this 
side of the Atlantic, it was not con- 
sidered. Furthermore, because of the 
many variables in, and ramifications 
of the Freeboard Rules, Figures 25 
through 28 should be used only for 
preliminary figures. 

Depth also has an important bearing 
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Fig. 26.—Statutory Drafts—Shelter Deck- 
ers with 10 ft. Tween Deck Height. 


on cubic capacity and will, therefore, 
in some designs, be greater than would 
be required simply from a freeboard 
standpoint. It must be great enough 
to provide the necessary bale capacity, 
in a dry cargo ship, or tankage, in a 
liquid cargo vessel. 

To estimate the former, the familiar 
bale coeffcient can be used: 


Va 


LBD, 

C, = bale coefficient. 

D, = molded depth of hold, upper 
deck to tank top, ft. 

V,;,=bale capacity of cargo holds, cu. 


C,= 


ORAF 
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w 
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Fig. 27.—Statutory Drafts—Shelter Deck- 
ers with 8 ft. Tween Deck Height. 
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Fig. 28.—Statutory Drafts—Tankers with 
35% Superstructure. 


Figure 29 shows such coefficients for 
15 cargo ships, of modern type, with a 
continuous weather deck over most of 
the length. The bale coefficient is 
normally 0.12 to 0.18 less than the 
block coefficient. Three island ships, 
with cargo in the superstructure, will 
have greater values than those shown, 
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Fig. 29—Bale Coefficients for Freighters. 
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when the depth is measured to the 
uppermost continuous deck; none of 
these are shown on the plot. Ships 
with a minimum of deep tanks, tween 
decks, bulkheads and other structural 
interference to cargo stowage, may, 
also, have higher values than shown. 
Three ships, of the fifteen plotted, 
carry cargo in a raised forecastle over 
No. 1 Hold, but, since these have either 
reduced, or no sheer, they show no 
particular variation from the vessels 
lacking such superstructure space. 

The 25 tanker capacity coefficients 
fall in the same range as the bale co- 
efficients of freights: 


Vr 
LBD 
capacity coefficient. 
Vy—=gross volume of cargo tanks, 
cu. ft. 


D =molded depth from baseline to 
upper deck, ft. 
Lubricating oil tankers and others 
with numerous cofferdams, pump 
rooms, etc., will have lower coefficients 


POWER AND 


In 1938, Yamagata presented a very 
ingenious method, based on numerous 
model tests made in Japan, for deter- 
mining the shaft horsepower of mer- 
chant vessels with normal proportions 
and speed-length ratios from 0.55 to 
0.95. The author has found it very 
useful, particularly because it includes 
the effect of R.P.M. on shaft horse- 
power. He has, therefore, redrawn the 
original plots, but has transferred the 
metric units into English ones for con- 
venient use. 

Figure 31 is similar to Figure 8 and 
represents average Japanese practice 
for the relationship of L.B.P., service 
speed and displacement. It was the 
genesis of, and was developed in an 
identical manner to, Figure 8 except 
that, instead of calculated effective 
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Fig. 30.—Capacity Coefficients for Tankers. 


than those indicated in Figure 30, as 
will vessels with extensive machinery 
spaces for direct-connected, slow speed 
diesels. Those with a long poop deck, 
as the upper boundary of the after 
tanks, together with short dry cargo 
holds and deep tanks forward, will 
show much higher values. 


REVOLUTIONS 


horsepowers, shaft horsepowers from 
model tests were plotted, based on clean 
bottom, trial condition, and a designed 
service propeller R.P.M. of 120. Stand- 
ard characteristics for this figure are 
as follows :— 
1. A cruiser stern is used. 
2. A single propeller of the airfoil 
type with streamlined sections. 
it fitted. 
3. The rudder is of the double plate 
type with streamlined sections. 
+. The longitudinal center of buoy- 
ancy is located as shown in 
Figure 32, which also gives 
length-displacement ratios. Note 
that the latter represents the 
length of a model, in feet, having 
a displacement of one ton. 
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Fig. 31—Standard Shaft Horsepower and Displacements. 
The standard horsepower is read Ky, =corr. factor for position of 
from Figure 30, for a given length and longitudinal center of buoy- 
speed of ship, and modified by a series ancy, Figure 34. Note that 
‘rom of factors to cover variations in the this is always greater than 
lean actual vessel under consideration. unity. 
S.H.P. = (S.H.P..) =corr. factor for a contra-rud- 
K,K, Kak, K,K,K,k, der = 0.97. This applies only 
S.A.P. = horsepower of actual to single screw ships. 

os ship. K, =corr. factor for service 

S.H.P., = shaft horsepower of standard R.P.M., Figure 33. 

ship. 
rfoil K. = allowance for average bottom K, for 
1.15-1.30 applies only to single screw 
late K, =corr. factor for twin screw 
kK, =corr. factor for a counter Ke = corr. factor for ogival section 
= stern = 1.08 ; propeller blades = 1.02 
‘ives K, =corr. factor for displacement Table III gives computed trial horse- 
Note _. =actual A! powers by this method and model test 
the standard A! results. for-a single and a twin screw 
7 K, =ecorr. factor for length-dis- ship. K, is. therefore. omitted from the 
placement ratio. Figure 33. calculations. 
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TABLE III 


TWIN SCREW PASSENGER 


SINGLE SCREW FREIGHTER AND CARGO LINER 


Item 
Actual Standard Correction Actual Standard | Correction 
Ship Ship Factor Ship Ship Factor 


/ Service Speed, Knots..............| 15.5 15.5 16.5 16.5 

Displacement, Tons S.W...........| 14,024 14,600 14,027 16,600 
. 1 1 1.00 2 2 1.10 
Cruiser Cruiser 1.00 Cruiser Cruiser 1.00 
581 598 0.97 581 648 0.90 
+1.07 +.17 1.04 -1.41 —.07 1.04 
92 120 0.95 90 120 0.95 


Airfoil Airfoil 1.00 Airfoil Airfoil 1.00 
Total Correction Factor........... 0.92 0.93 


ancy 


Trial S.H.P. from model tests...... 4650 


CONCLUSION 


The author has endeavored to present, 
in graphical form, a number of approxi- 
mations for use in preliminary design, 
particularly in the early stages, before 
drawings have been made and more 
exact computations can be undertaken. 
To do this, he has plotted data taken 
from existing ships, or completed de- 
signs, of recent vintage. Every effort 
has been made to make the resulting 
charts reflect, as nearly as_ possible, 
recent American practice. 

It is well to keep in mind which ones 
of the foregoing figures are most basic 
and which are liable for revision from 
time to time. 

Figures 1 and 2, covering deadweight- 
displacement ratios, show much higher 
values, today, than they would if drawn 
twenty-five years ago. Designers are 
continually striving to increase these 
values and will, no doubt, do so in 
future’ ships. 


Figure 4 illustrates the current tend- 
ency toward increased beam for Ameri- 
can vessels. Damaged stability require- 
ments, higher centers of gravity result- 
ing from welded construction, and ex- 
tensive topside outfit weights, as well 
as occasional reductions in prismatic 
coefficients in conjunction with extra 
beam to avoid the sacrifice of displace- 
ment on a given length, have now made 
the beam about L/9 + 15 for our ships. 
Foreign practice, on the other hand, 
would show about L/10 + 15. The in- 
creased use of light alloys may tend, in 
the future, to prevent further beam in- 
creases. 

Prismatic coefficients, Figure 5, while 
of basic importance, have shown little 
change since the advent of model test- 
ing. 
Figure 6 reflects the use of more V- 
shaped and flaring sections in the lines 
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ot modern ships and, hence, shows a 
higher value of load water plane co- 
efficient, for a given prismatic, than a 
similar plot of a quarter century ago. 

Figures 11 and 13, of transverse and 
longitudinal inertia coefficients, like 
Figure 5, will probably show little or 
no change with advancing years unless 
radical departures in hull form are 
introduced. 

Figure 15, giving vertical prismatic 
coefficients, is derived from Figure 10 
and will change accordingly. Figures 
16 through 18, being simply plots of 
formulae, should remain static unless 
better formulae are invented or major 
changes in hull shape render present 
approximations invalid. 

Depths, as given in Figures 23 and 24 
together with capacity coefficients in 
Figures 29 and 30 are, already, highly 
variable quantities, from one ship to 
another. Both are interconnected with 


the complex freeboard and tonnage 
problems. Since the three-island type 
of freighter has been replaced, in this 
country, by a continuous-decked vessel, 
with or without a forecastle, depth has 
increased and over-all bale coefficients 
have diminished. Lighter, more com- 
pact, steam plants have improved tanker 
capacities. 

In brief, then, the three charts show- 
ing the relationship of displacement, 
length and speed, Figures 7-9 are only 
valid if Figure 4 is valid. In the same 
way, the plots of transverse metacen- 
ters, Figures 12 and 19 through 22 are 
chiefly dependent upon the relationship 
of water-plane and prismatic coefficients 
given in Figure 10. Therefore, a con- 
tinuous check should be kept on these 
two basic plots and the information 
deduced from them modified, from time 
to time, if serious deviations keep occur- 
ring. 
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E,,(O)= Eg, cosd +E sind 
Es, sind cos¥ 


Y= ANGLE OF ROTATION 


FIGURE | -RESOLVER INPUT AND OUTPUT VOLTAGES 


In any analogue-type fire-control sys- 
tem in which trigonometric operations 
are performed, a computing device 
known as the resolver is employed for 
such operations. Prior to World War 
II such a device was almost entirely 
mechanical, it being essentially a 
Scotch-yoke mechanism. These devices 
were large in size and weight, expen- 
sive to precision-machine, and required 
careful adjustment and maintenance in 
use. They were highly vulnerable to 
mechanical shock and vibration. 

For approximately the past ten years, 
various embodiments of an a.c. electro- 
magnetic resolver have been used to 
perform the essential trigonometric 
operations of rotation and transforma- 
tion of coordinates, solution of plane 
and spherical triangles, and single-speed 
data transmission in modern fire-control 
systems. 

Figure 1 depicts the basic operations 
which the a.c. electromagnetic resolver 
performs, and Figures 2a and 2b show 
two other derived uses of the resolver. 


T= ARC. TAN. 


TO NULLING DEVICE 


(b) 
FIGURE2— RESOLVER FUNCTIONS 


An ac. electromagnetic resolver 
fundamentally consists of a stator and 
rotor, and, in one embodiment, the 
stator and rotor structures each contain 
a pair of distributed windings, each 
winding of the pair having its axes 
spaced 90° mechanical with respect to 
the axes of the other winding. This is 
also depicted symbolically in the above 
Figures. 

Each stator winding is designed to 
generate a flux-density distribution in 
the air-gap between stator and rotor 
which is ideally sinusoidal in angle of 
position around the stator periphery, is 
a space-fundamental in the period of 
the air-gap circumference, and is pro- 
portional in maximum amplitude to the 
amplitude of the a.c. voltage applied to 
the stator winding. 

Each such stator winding develops 
an induced voltage in one rotor winding 
which is sinusoidal, and an induced 
voltage in the other rotor winding 
which is cosinusoidal in the angle of 
rotor rotation with respect to stator. 
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DEVICE 


Both rotor induced voltages have a 
space-period equal to the air-gap cir- 
cumference and are proportional to the 
amplitude of the a.c. voltage applied to 
the stator winding. 

Criteria of resolver quality are: 

1. High angular accuracy; 

2. Maximum degree of suppression 
of unwanted space-harmonics in 
the rotor output; 

3. Maximum degree of suppres- 
sion of unwanted time-harmonics 
and quadrature voltages in the 
rotor output, such unwanted 
components comprising noise; 

4. Maximum input voltage range 
for which the resolver perform- 
ance is of high quality (line- 
arity with excitation, maximum 
signal-to-noise ratio, uniformity 
of input-to-output transforma- 
tion-ratio) ; 

5. Stability and reliability of opera- 
tion ; 

6. Shockproofness environ- 
ment-proofness (temperature, 
humidity, corrosion) ; 

7. Minimum size and weight; 

8. Suitability for use in existing 
and future systems ; 

9. Universal-frequency operation 
with same physical resolver (to 
accommodate use at 60 cps, 400 
cps, or 1000 cps by means of 
the same resolver) ; 

10. Decreased unit cost compared 
with cost of all previous me- 
chanical and_ electromagnetic 
resolvers. 

Many factors enter into the design 
of a resolver suitable for use as a com- 
puting element. Some of the elements 
of design which basic research has 
elicited are: 

1. Choice of a low core-loss, high- 
permeability, high-saturation- 
point, non-corrosive magnetic 
material ; 

2. Proper choice of numbers of 
stator and rotor poles and skew- 
nesses ; 
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3. Precision punching, proper han- 
dling, stacking, and insulation of 
stator and rotor magnetic la- 
minations ; 

4. Controlled techniques of preci- 
sion grinding of stator and rotor 
surfaces for maximum concen- 
tricity and annealing of mag- 
netic surfaces ; 
Proper conductor distribution 
of stator and rotor windings, 
and insulation thereof, in the 
slots of the magnetic structures, 
for maximum suppression of un- 
wanted space-harmonics (above 
the first, or fundamental) ; 

6. Optimum dimensions of stator 
and rotor structures for mini- 
mized rotor inertia, maximized 
ratio of reactance-to-resistance 
of all windings, minimum slot 
and end leakage effects, and 
minimum variation in leakage 
inductance for all three common 
carrier-frequencies of 60, 400, 
and 1000 cps, in the same re- 
solver ; 

7. Suitable techniques of controlled 
winding of stator and rotor con- 
ductor distributions ; 


8. Complete internal magnetic 
shielding of stator and rotor 
structures ; 


9. Precision bearing-mount of a 
continuously rotatable rotor ; 
10. Low-noise, low-resistance, slip- 
ring and brush rotor take-offs ; 
11. Mechanical rigidity of windings, 
resolver assembly, and case; 
12. Accessible terminals ; 
Least weight and volume con- 
sistent with the foregoing. 


Residual unwanted  time-harmonic 
and time-quadrature voltages, variation 
in transformation-ratio, and the need 
for a high-impedance input (the re- 
solver itself being essentially a low- 
impedance device) dictate the use of an 
accompanying compensating-booster- 
amplifier with the resolver for maximum 
performance quality as a continuous 
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GENERAL BOOSTER-RESOLVER- COMPENSATOR SYSTEM 


Asr 


Asc 


A = BOOSTER AMPLIFIER TRANSFER- FUNCTION. 
Asr = RESOLVER STATOR-TO-ROTOR TRANSFER-FUNCTION. 
STATOR-COMPENSATOR TRANSFER-FUNCTION 


Go _ AAsr Asr 
ItAAse Asc 
FIGURE — 3 


computing component. Its function and 
circuitry are shown symbolically in 
Figure 3 for the compensation of one 
stator. 

Figures 4, 5, 6, and 7 depict a new 
resolver, now in quantity use. fulfilling 
all of the above criteria. Figure 8 shows 
a double-ended embodiment of the new 
resolver. Specifically, the component 
characteristics are given in Table I and 
its present performance characteristics, 
in conjunction with its accompanying 
booster-amplifier, are given in Table II. 

It is noted that the Type R600 re- 
solver is network compensated; the 
Type R601 resolver is winding com- 
pensated. Externally, Types R600 and 
R601 are identical except that the R600 
has eight rear terminal pins and the 
R601 has twelve rear terminal pins (a 
total of four additional pins, two each 
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for each of the added internal com- 
pensating windings). This is shown in 
Figure 9. It is to be noted that the new 
resolver is provided with a zeroing 
sector gear on its mounting flange for 
conveniently zeroing the resolver to the 


Fig. 4—Physical Resolver. 
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NEW COMPUTER COMPONENT 
TABLE I—RESOLVER COMPONENT CHARACTERISTICS 


Universal Precision Resolvers—same resolver suitable for 60, 400 or 1,000 
cps operation. 


Maximum functional error of each stator-rotor axis is = 0.05 of 1% over 
360° of static rotation at all frequencies. 

Minimum null and buckout voltages. 

Minimum error in null-spacing. 

Minimum inter-axis error. 

Minimum variation of transformation ratio with excitation voltage. 
Superior single-speed angle transmitter; maximum error 5 minutes of arc; 
r.m.s. error over 360° rotation less than 2.5 minutes of arc; zero minutes of 


are error at 90° and 270° in sine function and at 0° and 180° in cosine 
function. 

Superior precision phase-shifter when excited by two equal voltages 90° apart 
in time-phase. 

The Reeves resolver is available for either network or winding compensation. 
This choice is made possible at all three frequencies by use of the appropriate 
compensating-booster amplifier. Type R600 Resolver is network compensated 
making it especially suitable for customary computer applications. Type 
R601 Resolver is winding compensated making it especially suitable for saw- 
tooth wave-shapes of high repetition rate. 


Each compensating-booster amplifier will accommodate both stator windings 
of one resolver or one stator winding each of two resolvers. 


Controlled machine winding. 

Reeves Resolver is continuous-rotation type. 

Single-ended or double-ended shafting. 

The Reeves Resolver is fully electro-magnetically shielded internally. 


All non-metallic parts are moulded, with high dielectric and mechanical 
strength. 


Precision Barden bearings. 

Rear pin-type connections in moulded assembly. 

A zeroing gear is provided on the mounting flange for accurately and con- 
veniently zeroing resolver to the system. 

Volume of the Reeves Resolver is less than 18 cubic inches and its weight is 
approximately one pound. (one-sixth the weight and one-third the volume of 
existing resolvers having only one-half its accuracy). 


Sturdy mechanical construction is maintained throughout. 

Plug-in or permanently mounted booster amplifiers are miniaturized for 
minimum size and weight and maximum sturdiness. 

Complete .calibration.and performance data are furnished with each resolver, 
obtained on highest accuracy specially-designed production tester. 
Permanent construction for long life, yet resolver can be rapidly disassembled 
and assembled without deleterious change in performance. 

Available singly or in quantity, with or without compensating-booster ampli- 
fier. 

Low Moment of Inertia 0.75 oz. in*; Low Frictional Torque 0.4 oz. in. 
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PERFORMANCE REEVES R600 RESOLVER REEVES R6O) RESOLVER 
CHARACTERISTICS (Network Compensation ) (Winding Compensation) 
Carrier Frequency C.P.S. 60 OO 1000 60 400 1000 
Input Impedance 900 |s400 2° lisooo A2* 
10.935 24° |o.950 22° |0.950 
Transformation Ratio (Max. )#/o960 0.970 jos70 Lie 
Input Impedance 2 MEG. 2MEG. 2MeEG. 2MEG. 2MeEs. 
Transformation Ratio (Max.) | 10000 {1.0000 |1.0000/6%o' |1.0000 Ao" | 1.0000 
Error over 
Shaft Rotation + + + + 
( 0.05% |toos% | *to0s% |*0.05% | 005% | +005 % 
Transformation-Ratio) 
(av/volt input 4 2 2 z 2 z 
Null Voltage Principal 
2NDHARM.| 2NO HARM. | 2ND HARM. | SROHARM, | SROHARM, | SROHARM. 
Rotor Buck-Out Voltage 
Principal | wan. HARM. | 2ND | SROHARM.| SROHARM. | SRO HARM. 
tsces | tsoces |tsoces |tsces |*s30ces | tsoces 
Inter~Axis Error + + + 
(linutes of Angle) =s =3 
Volts Input Renge 0-20 0-20 0-20 0-20 0-20 0-20 
Variation in Transformation 
Ratio With Input Volte [foim | toi% | | 006% | * 0.06% |* 0.06% 
(1/2 to 20 volts) 


® For Resolver alone. All other entries are for Resolver-Amplifier combination. 


Stator-Compensator Windings. 


All entries are naminal unless denoted Max. or Min. 
Table II.—Resolver Performance Characteristics. 
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Fig. 5—External Dimensions of Physical Resolver. 


system in which it is used, rather than 
zeroing the system to the mounted re- 
solver. Figure 10 illustrates the R600 
resolver with its double-channel booster- 
amplifier. Figure 11 shows’ the R601 
resolver with its double-channel booster- 
amplifier. 

Figure 12 depicts precision stacking, 


24 


cementing, and baking of stator and 
rotor laminated structures; Figure 13 
shows automatic and controlled ma- 
chine-winding of resolver rotors; Fig- 
ure 14 illustrates production assembly 
of completed resolver units; and Figure 
15 shows booster-amplifier development 
and production facility. 
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Fig. 6.—Cross-Section of Physical Resolver. 
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Fig. 7.—Exploded View of Physical Resolver Showing All Elements. 


Fig. 8.—Double-Ended Resolver. 


Fig. 10.—Type R600 Resolvers and Com- 
pensating Booster-Amplifier. 
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Fig. 9—Type R601 Resolver (Left) and Type R600 Resolver (Right). 


Fig. 12—Precision Stacking, Cementing, and Baking of Stator and Rotor 
Laminated Structures. 
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Fig. 11—Type R601 Resolvers and Compensating Booster-Amplifier. 
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Fig. 13.—Automatic, Controlled Machine—Winding of Resolver Rotors. 
334 


NEW COMPUTER COMPONENT 


Fig. 15.—Booster-Amplifier Development and Production. 
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Fig. 14—Production Assembly of Completed Resolver Units. 
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FIG-I6 REEVES RESOLVER CHECKER (ELECTRICAL SYSTEM) 
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Fig. 16—Reeves Resolver Checker (Electrical System). 


In controlled manufacturing of a 
device of such high-precision perform- 
ance, perhaps the most crucial, difficult, 
and expensive element is the provision 
of adequate and reliable test equipment 
maintained in a condition of less than 
0.01 of 1 per cent error. 

Figure 16 gives the schematic of the 
electromechanical resolver tester, and 
Figure 17 shows same photographically. 
Each resolver is mechanically posi- 
tioned in angle by the precision cali- 
brated gear-wheel and vernier appear- 
ing to the left, and the resolver direct 
time-axis rotor output is measured to 
five significant figures on the calibrated 
voltage-divider in the right central 
ioreground of the tester. Such error 
measurements are made statically at 
every 10° over 360° of shaft rotation 
for each stator-rotor winding axis. In 
addition, the maximum transformation- 
ratios of the resolver, alone and with 


booster-amplifier, the d.c. and a.c. im- 
pedances of all resolver windings, and 
the null and buckout voltages (at 0°, 
180° and at 90°, 270°, respectively) of 
the resolver and booster-amplifier com- 


bination are determined. 


The basic new design of the R600: 
and R601 resolvers was confirmed as 
acceptable in each of the five prototypes 
made. Table III gives the complete 
technical summary of the first twenty 
production units made. Several hundred 
additional units are now in production, 


test, and system use. 


This entire research, development, 
design, and manufacturing program, 
making available this new, superior 
resolver, was executed under Reeves 
Instrument Corporation auspices to ful- 
fill urgent, long-term needs in meeting 
the increasingly stringent resolver com- 
ponent requirements of present and fu- 


ture computing systems. 
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REEVES PRECISION-RESOLVER PRODUCTION 


TABLE II - SUMMARY 


Avera Average Aver. Stetor Stetor 

2 120 121 c c R600 Network 5.0 18.5 1.5 1.5 2.05 

4 136 111 CA A R600 Network 11.0 17.0 1.25 2.0 *.03 

6 122 123 c c R600 Network 6.5 15.0 0.75 1.5 2.08 

8 132 137 c c R600 Network 8.0 14.5 1.75 2.0 2.0% 

. 10 134 139 c c R600 Network 8.0 17.5 1.5 1.5 2.05 
2 12 106 105 A A R600 Network 3.0 9.0 0.75 3.5 2-025 
Z a 100 103 A A R600 Network 8.0 17.0 1.25 2.0 2.03 
3 16 102 101 A A R600 Network Magnetic Material | Mechanically | Demeged Unused 
9 18 128 143 c c R600 Network 7.0 16.0 1.25 1.0 2.035 
x ‘20 130 125 c c R600 Network 7.5 19.5 1.25 3.0 2.05 
B 22 138 147 8 s R600 Network 6.5 25.0 2.5 0.5 2.035 
ae 3 1 10% 107 a A R601 Winding 9.5 10.5 1.75 3.5 2.08 
3 126 127 c R601 Winding’ 8.5 11.5 0.5 2.0 2.085 
2 5 108 117 ¢ A R601 winding | 7-5 1.5 1.0 5.0 2.08 
4 1 110 141 c c R601 Winding 14.0 13.5 1.25 4.0 2.035 
9 112 132 c c R601 Winding 5.5 12.5 1.75 2.0 2.085 

114 119 R601 Winding 7.0 0.75 2.5 2.08 

13 116 115 c A R601 Winding 7.0 12.0 1.0 2.5 2.03 

15 118 109 c A R601 Winding 4.5 7.0 0.5 2.5 2.03 

17 125 113 c A R601 Winding' 4.0 9.0 0.5 1.5 2.03 

19 180 151 8 s R601 Winding’ 2.3 15.0 0.75 ° 2-5 

A- 4750 iron-nickel alloy, hydrogen- Winding'- Stator and Compensating Windings Wound 
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THE ART OF BILGE DIVING BROUGHT 
UP TO DATE 


CAPTAIN ISAIAH OLCH, U.S. NAVY 


1922. A large part of his career has 


THE AUTHOR 


CapTaIn ISAIAH OLCH graduated from the United States Naval Academy in 
been spent in communications. He has 
written a number of professional articles but this is the first one to be published 
in the JourNAL. The background for this article was obtained while Captain 
Olch was Senior Member of the Sub-Board of Inspection and Survey, San Diego. 


The necessity “to see that the hulls 
of our vessels are kept in good condi- 
tion” is as poignant today as it was 
when expressed in the opening para- 
graph of “An Ounce of Prevention, or 
the Art of Bilge Diving,” written by 
Captain C. W. Fisher (C.C.) U. S. 
Navy and published in the June 1933 
number of the U.S. Naval Institute Pro- 
ceedings. At that time the U. S. Navy 
had been relegated to third position as 
far as naval tonnage in world arma- 
ments was concerned; except for some 
submarine and intermediate cruiser 
construction, there had been no substan- 
tial replacement program for over 
twelve years; naval appropriations had 
been reduced drastically under the pres- 
sure of national economy and there was 
no intensive or long range progressive 
program underway in the research and 
development of new naval armaments. 


Captain Fisher's article was most 
timely in that it appeared at a time 
when special emphasis was _ being 


stressed throughout the service on the 
introduction of damage control prac- 
tices for our ships. Without pointing 
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out specifically the reliance of success- 
ful damage control on structural in- 
tegrity, the “Art of Bilge Diving” did 
bring to the attention of the operational 
and maintenance personnel the funda- 
mentals for insuring such integrity. 
These were set forth as the progressive 
steps carried out in making a thorough 
material inspection to maintain the de- 
sired high standards of cleanliness, 
structural integrity and preservation. 

Although marked advancements have 
been made in the art of naval construc- 
tion since Captain Fisher’s article was 
promulgated throughout the fleet in 
1933, the basic requirement for struc- 
tural integrity, watertightness, still ex- 
ists and so does its worst enemy, cor- 
rosion. A considerable amount of time, 
effort and expense is still being spent 
in the endless battle against rust and 
although some of its troublesome sources 
have been removed by modern tech- 
nology, a revision of Captain Fisher’s 
article is in order to help fleet person- 
nel in maintenance problems and to 
stress the important features of ma- 
terial inspections. 


‘ 


In contrast to conditions in the sum- 
mer of 1933 ours is the leading Navy in 
the world today; our replacement © f 
naval vessels is keeping pace with |e 
requirements of. our national policy; 
Congress shows a determined interest 
in providing for adequate naval appro- 
priations and our operational develop- 
ment program looks far ahead into the 
future. To be sure that we do not rest 
on our laurels and fail to “see the 
ocean for the waves,” we must maintain 
a steady advance in our ship upkeep 
standards along with the recent changes 
in naval construction and modern in- 
stallations. 

The most positive way to insure such 
high standards is to. require the proper 
operation of all ship installations ac- 
cording to their designed performance 
and to carry out periodic material in- 
spections to make sure that the ship’s 
structural integrity is being maintained. 
To express it more bluntly, we must be 
sure that our Navy’s material invest- 
ment is being protected; we must not 
let deterioration of equipage or struc- 
ture get ahead of us because replace- 
ments and repairs cost money which 
should be put to better use for training 
purposes. Routine positive operation of 
all machinery and regular material in- 
spections followed up with prompt cor- 
rective measures can go a long way in 
keeping our fleet in material readiness. 
While the operational requirements for 
machinery installations are well cov- 
ered in bureau manuals, the aspects of 
material inspections can be emphasized 
for the benefit of younger officers who 
have not had the experience in search- 
ing for material defects. In view of 
modern construction trends, a few 
pointers on where and what to look 
for on those Friday afternoon inspec- 
tions may help keep our material stand- 
ards up where the service requires them. 

Catch the rust when it first appears ; 
properly clean and prepare the surface; 
then paint it and the problem of cor- 
rosion is licked. That is as true today 
as when Captain Fisher expressed it. 
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At that time manual scaling and paint- 
ing were the Navy standard practices. 
Red lead was the number one standby 
as the old reliable preservative. Red 
lead gave way to zinc chromate and 
now more recent tests have indicated 
that a newly developed primer will re- 
place the yellowish green of the zinc 
chromate. After what appeared to the 
poor seamen working over the side as 
eons of chipping hammers and after 
scorntul looks from civilian industrial 
workers, power tools made their appear- 
ance to retire the scrapers and scaling 
hammers. With time the essence for 
rapid shipyard overhauls, sandblasting 
was put to use while ships were in dry- 
dock for work on the sides, bottoms 
and tanks. To still further ease the 
labors of structural upkeep, portable 
vacublasting rigs have been introduced 
for shipboard use in cleaning and pre- 
paring surfaces for painting. For the 
final surface protection, the paint pot 
and brush are slowly but surely giving 
way to the spray gun. Progress moves 
on and so does corrosion. It is still 
there ready to do its destructive work 
of weakening a ship’s structure in spite 
of all the labor-saving gadgets. To 
catch rust when it first appears is still 
as important as ever. 

Where and how to look for the tell- 
tale signs of corrosion were part of the 
theses of Captain Fisher’s article. Mod- 
ern naval construction has driven the 
formerly hidden signs out into the open 
and on the other hand, has added new 
places wherein it can carry on its un- 
obtrusive destructive action. Where it 
was the practice to give minute atten- 
tion to the appearance of rivet points, 
emphasis has shifted to a close exam- 
ination of weld seams as the latter 
have come into more general usage as 
the art of welding progressed and the 
riveting hammer was discarded. Rivets 
have not disappeared completely—ship 
construction still makes ample use of 
them but instead of sounding the rivet 
points with a healthy blow of a testing 
hammer to dislodge any hidden rust, it 
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is now much easier to run a_ sharp 
screwdriver or marlinspike along a 
weld seam to reveal the corrosion. 

In the prewar days of plenty of 
paint, structural rust sometimes re- 
mained hidden until the paint dropped 
off from its own weight! A protective 
paint covering approaching a quarter 
of an inch in thickness was not uncom- 
mon on even some of the smaller type 
ships. Many an engineering officer got 
grey in the service trying to figure out 
the fuel consumption necessary to trans- 
port all that extra weight around. Im- 
proved paint formulae plus the sad les- 
sons of war have taught us to keep the 
paint thin. Scrape, clean and paint— 
once again repeat it to each new recruit, 
scrape, clean and paint; in that way 
costs will be kept down; fire hazards 
are reduced and maintenance is greatly 
improved because any subsurface cor- 
rosion can be readily detected and re- 
medied. During inspections it is no 
longer necessary to chip off random 
sections of paint to look for rust—if 
modern painting standards are followed 
carefully, the rust will make itself 
known promptly. 

It would surprise some inspecting 
officers if they checked with the bureau 
manual regarding authorized protec- 
tive paint thickness—yes, it can be thin- 
ner than the proverbial gnat’s whisker, 
so be sure that old paint is scraped away 
or well worn down to tolerable thinness 
before new paint is applied. If properly 
applied, it will protect against corrosion. 
However, if the latter does occur, then 
the thin paint will help the rust rear 
its ugly head so that corrective measures 
can be taken against it. 

Linoleum no longer acts as a cover- 
ing blanket for rust. Deck coverings 
are forever out as the accepted practice 
in surface combatant ships. The same 
goes for the nice wooden decks which 
used to cause the engineer officer still 
more grey hairs, worrying about the 
expenditure of fire brick for holystones. 
Maybe the teak was easier on the “pitch 
pounder’s” feet than the present day 
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bare decks are but at least the main- 
tenance personnel know that no hidden 
corrosive danger of structural weakness 
is lurking out of sight. Next to wailing 
about the shortage of trained personnel 
following our hurry-up demobilization, 
a skipper’s most plaintive lament was 
how to keep up the maintenance work on 
his decks. The answer to that one is as 
expressed before, “catch it while it’s 
hot” and don’t let the rust get started. 
But take heart because recent opera- 
tional tests with vacublast equipment 
have proven the success of such sand- 
blasting technique to warrant its adop- 
tion as standard equipment afloat for 
cleaning and preparing surfaces for 
painting. Follow up immediately with 
spray gun equipment and the labor 
problem can be reduced considerably. 

Now then, as for the other hidden 
places, to some extent modern construc- 
tion has added to them! Count up the 
number of bunk foot lockers on a man- 
of-war and it’s no wonder that the First 
Lieutenant yearns for the good old fash- 
ioned jackstays and the swinging sea- 
bags. Inspecting parties should not fail 
to take a good look at locker bot- 
toms as incipient dirt therein points to 
the potential danger of corrosion. The 
bottom spaces under the bunks in 
officers’ country have no respect for 
rank either. The hidden areas under 
work benches and shelving in store- 
rooms demand close scrutiny too. As 
for storerooms, a clear deck can 
mean a clear conscience for upkeep per- 
sonnel because by keeping gear off the 
deck, even by the use of gratings, ven- 
tilation can be improved and sweating 
with subsequent danger of corrosion 
reduced. A clear deck area is also im- 
portant for flooding in case of fire in 
a lower compartment. 

Modern insulation may be neat in ap- 
pearance when applied in large even 
bats but when inspecting for material 
upkeep, don’t overlook the insulation 
securing buttons. The button stem goes 
all the way through to the supporting 
structure and a slightly yellowish tinge 
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on the button can be proof positive 
that corrosion is getting in its deadly 
licks in behind the insulation. Where 
this condition shows up most frequently 
in modern construction is on the over- 
head below the refrigerated spaces. Any 
marked discoloring of the insulation 
sheathing there means an item for the 
shipyard force at the ship’s next over- 
haul. 

Look under all foundations to un- 
cover rust. That means under deck 
machinery, inside the false deck installed 
around machine gun or director mounts 
as well as the actual act of bilge diving 
in the engineering spaces to see how the 
undersides of the machinery pedestals 
or foundations look. Most of these 
places are hard to reach for proper 
preservation and that is where a blue- 
jacket’s ingenuity is called forth. If the 
deficiency is pointed out, some skinny 
shipmate with a long reach will be 
pressed into service and persistent fol- 
low-up on the inspecting officer’s part 
will get the rust combated, no doubt 
about it. But it’s his job to find the rust 
first and to find it, the inspector has 
to look for it. Only by carrying out 
searching inspections can our high ma- 
terial standards be maintained. 

As Captain Fisher pointed out in his 
original article, the foregoing means 
that to properly hunt out the rust from 
all its hidden places, the inspecting 
officer is going to get his dungarees 
dirty. But didn’t dungarees go out 
with coal burners? Unless he wants to 
ruin a good suit of working dress khaki, 
for carrying out a competent material 
inspection the officer should invest in 
some dungarees or cover-alls. Then he 
shouldn't be afraid to get on his belly 
and squirm into those hidden bilge 
pockets; if he can’t get into them, 
he’ll never know what their material 
condition is. Believe it or not but even 
those apparently inaccessible peak tanks 
in a DE or DD are built to permit 
visual examination in every pocket by 
a normally built officer. If inclined to 
be carrying a wee bit too much avoirdu- 


pois, a tour through even half of one 
of the peak tanks is highly recommended 
as a positive reducing measure—and 
for reducing rust too, so be sure to 
look at those overhead weld seams 
especially along the outboard bounda- 
ries and in the pockets around the 
rudder posts ! 

An accumulation of dust or dirt 
which is pushed inadvertently into 
angle iron boundary edges by deck 
swabs soon starts to act as an absorb- 
ing agent for moisture. In time that 
means the start of corrosion, so besides 
preaching that cleanliness is next to 
godliness just for the sake of appear- 
ance, start going after dirt to forestall 
the inroads of rust and subsequent struc- 
tural weakness. Modern ventilation 
ducts are a far cry from the World 
War [ type of fresh air conveyors ; those 
3” pipes sometimes let in the air, pro- 
vided the cowl ventilators were trimmed 
right and there was a fair breeze to 
help matters along. The bluejacket to- 
day has little to complain about the 
volume of fresh air delivered into his 
berthing and working spaces; that is 
unless he has failed to keep the filters 
or heater fins free of dirt. Then the 
volume of air is blocked off and the 
dirt in turn can lead to the deteriora- 
tion of the heaters and ducts. Access 
plates installed in the ventilation ducts 
should be used for the purpose of reach- 
ing in and cleaning out the system; 
the heater fins can be removed and 
cleaned to insure proper ventilation as 
well as structural maintenance. The 
large commercial type vacuum cleaner 
added to ships’ allowances by recent 
general amendment is the answer for 
not only keeping the air ducts and 
heaters clean but also for reaching into 
those inaccessible bilge pockets. House- 
wives are not the only ones who enjoy 
the benefits of vacuum cleaners; ship- 
keepers too can take advantage of their 
labor-saving qualities but it is surpris- 
ing to see how few ships have added 
the cleaners to their ship’s allowance 
and put them to work. 
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Something new in our ships has been 
added for structural security along with 
heavy rust potentiality. The expansion 
joint is here to stay but its usefulness 
can be short lived if the inspection 
plates are not removed periodically to 
insure that the joint edges are clean 
and that no dirt has accumulated along 
the recess so as to allow an accumula- 
tion of water. At the first signs of rust 
streaks coming out of the bulkhead 
drain holes, open up the expansion joint 
deck plates and clean the bearing edges ; 
the effort will be well worthwhile not 
only from the standpoint of mainten- 
ance but for safety of operation. 

With linoleum gone from our ships, 
one other protector for rust was the 
deck covering in the wet spaces. Cement 
and tile in washrooms, heads, showers 
and galleys disappeared from wartime 
construction in view of the abrasive and 
shattering qualities of such covering as 
well as their shortcomings in water- 
tightness. And so instead of testing 
the bond between the cement or tile 
and the deck by listening to the healthy 
bounce of a testing hammer, the in- 
spector made a visual examination of 
the bare steel deck; needless to say he 
found plenty of rust along with a dis- 
proportionate amount of manpower be- 
ing expended to check the rust. Thanks 
to modern advancements, an effective 
watertight binding covering is now be- 
ing installed in our ships so that all 
wet spaces are not only more shipshape 
in appearance but they are serving to 
reduce considerably the time devoted to 
upkeep. But a tip to the initiated: when 
the new neoprene terrazzo is applied by 
the shipyard force, be sure that all 
equipment in the compartment is re- 
moved so that the deck is surfaced com- 
plete to the boundary edges. There is 
no improvement in maintenance or rust 
prevention if the working areas are 
surfaced and then water is allowed to 
drain off under ovens or working struc- 
tures where cleaning is difficult. 

Along with the improvement in deck 
coverings, crew morale has been greatly 
improved in modern construction by the 


introduction of more sanitary and read- 
ily maintained toilet facilities. The old 
constant flushing troughs and bucket 
basins handed down from apparently 
prehistoric times have finally been dis- 
carded. Instead of the former moisture 
laden and reeking atmosphere which 
contributed to excessive corrosion and 
countless man hours to keep up with 
maintenance, the copper-nickel and CRS 
accommodations of today with indi- 
vidual controlled flushing systems pre- 
sent more sanitary and serviceable con- 
ditions in keeping with the higher 
standards expected of our modern men- 
of-war. But another tip about that old 
demon, rust; where the wet spaces ad- 
join sheathed bulkheads, be sure that 
the insulation covering is well covered 
with a completely protective painted 
surface. If any cracks let the water 
seep through, then watch for a rusty 
discoloration along the bottom boundary 
of the insulation. If those brownish 
stains do appear, make out a repair card 
for the CSMP to have the area cleaned 
and re-insulated at next shipyard over- 
haul because those brown spots mean 
rust. 

As tor voids and cofferdams, in lieu 
of the former practice of opening them 
periodically and then retouching the 
surfaces after draining out all the water 
which had accumulated in the bottoms, 
present optimum maintenance practice 
is to make liberal use of dessicants for 
absorbing any moisture. In the “moth 
ball fleet” that is what is known as 
static dehumidification. Experience soon 
indicates the amount of dessicant to ‘be 
used in each void and also the time for 
renewal; however, to be effective, ab- 
solute tightness of the area is essential, 
so when securing manhole covers to 
voids, take up evenly all around on 
holding down bolts or dogs to insure 
perfect gasket fit. 

In prewar days when we took it for 
granted that all our ships were in- 
herently stable, an avid inspecting offi- 
cer would follow the premise of “A 
place for everything and everything in 
its place.” With more and more topside 
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weight added as a result of the intro- 
duction of more AA armaments, radar 
and COC installations, the inspector 
should work according to the principle 
that ‘a use for everything and every- 
thing for its use’ will be his safest 
guide. In other words, if it’s on board 
ship then use it and if it has no use, 
then take steps to get rid of it. Keep 
all equipage in operating condition but 
if any equipment has become obsolete 
or has outlived its usefulness, don’t 
wait for the Board of Inspection and 
Survey to start action toward its re- 
moval; start the ball rolling up the 
chain of command to the bureau to have 
it removed and thus save hours of man- 
power for needless upkeep as well. as 
to improve structural stability through 
the removal of excess gear. Keep a 
ship’s allowance filled as required for 
effective operations but discourage the 
“cumshaw” artists who gloat in getting 
excess gear on board ship just for the 
sake of hoarding. The most recent fla- 
grant violators in this practice were the 
ships which serviced the targets before 
the Bikini tests; what they didn’t take 
off the target ships wasn’t worth taking 
or they didn’t have any more room in 
which to stow the loot! And ever since 
then, vigilant inspecting officers have 
been plaguing the ships to discard the 
ofttimes worthless and excessive gear 
for the sake of ship stability. 

Excess equipage with the attendant 
necessity for upkeep along with the po- 
tential dangers of overloading also ap- 
plies to apparently useless supercargo 
in the form of needless stores. During 
inspections a questioning survey should 
be made of storerooms. Are they over- 
stocked? Does the material appear to 
have been on board even before the 
ship was commissioned? Spare parts, of 
course, have their required and allotted 
space according to standard building 
and stowage plans, however, storerooms 
which have become overcrowded with 
useless or obsolete supplies as a result 
of oversight or misdirected zeal jeop- 
ardize the serviceability of the store- 
rooms. They also present an added up- 
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keep problem and in the case of com- 
bustibles, may become hazardous to the 
safety of a ship. Be sure that the store- 
rooms are used according to designed 
purposes as shown in the ship’s plans 
and then have the Supply Officer make 
periodic check-ups to insure the elimi- 
nation of excess supplies; the inquisi- 
tive inspector can be greatly surprised 
at the boat loads of deadweight which 
can be removed and turned in to supply 
activities ashore by even the smallest 
type ship. 

A couple of more tips while inspect- 
ing storerooms; keep material off the 
decks even if gratings are used to allow 
a scant half inch for ventilation and fire 
flooding protection, and insure that 
separated stowage is provided in the 
forward and after parts of the ship for 
the necessities of sanitation; the acci- 
dental flooding of a storeroom in which 
all the soap or head supplies were 
stowed could be of irreparable conse- 
quences until a return to port. 

For the safety of your health see 
your dentist twice a year and for the 
safety of your ship take a good look at 
everything during inspection to insure 
reliability and freedom from hazards. 
Shipyards and industrial plants ashore 
emphasize safety to prevent injury and 
loss of man hours. Personal safety 
should be even of greater importance on 
board ship where trained personnel can 
not be replaced readily. Some of the 
dangerous items to watch for are 
smoothly worn ladder treads, unsecured 
work benches or gear lockers which 
could go adrift in heavy weather, im- 
properly secured overhead weights 
which could be dislodged when under- 
way, loose handrails on ladders and 
improperly illuminated areas during 
nightime operations. Miner safety type 
“hard hat” helmets are worn by prac- 
tically all shipyard workers and yet 
personnel afloat do without them. Many 
a scarred skull could be spared especi- 
ally down in the engineering spaces by 
wearing the small visor type. Next time 
your ship goes to the yard for overhaul, 
borrow a “hard hat” for the next round 


line 
man 
stan 
it a 
or 
fort 
seco 
line 

insp 
safe 
into 
fille 
its 
part 
atta 
loot 


of! 1 
whe 
plat 
li 
that 
him 
thos 
in t 
lead 
use 
be't 
curi 
othe 
of t 
F 
tion 

by 
the 

the 
thor 
gres 

are 
ness 
A 
effe 
look 
and 
mar 
func 
eacl 
mar 
inst 
E 
duc 

|| 


com- 
o the 


tore- 
igned 
plans 
make 
limi- 
juisi- 
rised 
vhich 
apply 
allest 


pect- 
f the 
allow 
1 fire 
that 
the 
p for 
acci- 
yhich 
were 
onse- 


see 
the 
ok at 
isure 
ards. 
shore 
afety 
on 
| can 
the 
are 
ured 
rhich 
ights 
ider- 
and 
type 
orac- 
yet 
fany 
peci- 
by 
time 
haul, 
ound 


BILGE DIVING 


of‘inspections ; it will save many a bump 
when crawling around under the floor 
plates ! 

If the inspecting officer has reached 
that span where “life begins-at 40,” let 
him take heed when climbing through 
those long magazine ammunition trunks 
in tenders and the steep’ grades which 
lead up from. tanker pump rooms. The 
use of a 21-thread manila line should 
be‘used as a safety measure; use a bow- 
line around under the arms and have a 
man throw a turn of the line around a 
stanchion or a deck cleat while tending 
it as a preventer. A loose ladder rung 
or an inadvertent slip at the top of a 
forty-foot drop can be avoided by a few 
seconds taken in putting on a safety 
line. 

The normal use of a flashlight during 
inspections can be improved upon as a 
safety feature. To avoid dropping it 
into an inaccessible bilge pocket, a half 
filled tank or even a gear casing where 
its removal might entail dismantling a 
part of the ship’s plant, use a lanyard 
attached to the light. Splice a large 
loop at one end of the lanyard for se- 
curing around the neck and attach the 
other end to a ring secured to the base 
of the flashlight. 

For safety sake check on the opera- 
tion of all gear. Ask the man standing 
by how effective the operations are; 
the CSMP can grow progressively for 
the next shipyard overhaul as_ the 
thoroughness of your inspections pro- 
gresses too. See that all moving parts 
are free of paint and that goes particu- 
larly for valve stems to indicate readi- 
ness for operation. 

As the safety of a ship depends upon 
effective damage control; do not over- 
look all DC markings. Hatches, ports 
and cut-out valves should be plainly 
marked and legible markings should be 
on all piping to show at a glance the 
function and direction of operation of 
each line. A smart ship keeps all such 
markings up to standard and a vigilant 
inspector can keep them smart. 

Elimination of wooden decking intro- 
duced more extensive use of glass fiber 
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insulation in modern construction, The 
latter in turn introduced more hiding 
places for those pestiferous visitors 
from the beach, namely, vermin and 
roaches. In all food handling and sani- 
tary spaces be sure that all sheath- 
ing boundary edges are tight as a safe- 
guard against infestation. Knocking on 
the outside of the insulation bats will 
not dislodge roaches as was done before 
the war when bulkhead metal sheathing 
was mostly for appearance sake—the in- 
sulating material had worked itself down 
to the deck boundary limits a long 
time ago! Any small holes or cracks 
near the deck edge of the sheathing is 
an open invitation for the roaches to 
move in, so keep such damage well 
patched with tape and then painted 
both for appearance and effective sani- 
tation. 

As a Commanding Officer can not 
supervise personally the operation of all 
the equipage and machinery on board, 
he must accept as proof of its reliable 
and effective operation the normal ful- 
fillment of the ship’s routine. Only in 
case of accident or breakdown is his 
attention invited to any material de- 
ficiencies, in which case repairs are 
effected. If the serviceability of the 
installation should be changed, how- 
ever, then an alteration is in order. But 
before dashing headlong to change any 
shipboard installation, remember that 
there’s a purpose for everything on 
board ship and everything was put there 
for its own designed and allocated pur- 
pose. Before the machinery or the indi- 
vidual appurtenance was installed, care- 
ful thought back in the bureau concerned 
was given to the service requirements 
to warrant the installation in the first 
place. If its operational necessity afloat 
becomes obsolete due to changes in serv- 
ice requirements, the forces afloat should 
take the steps necessary to warrant the 
alteration. Make the recommendations if 
you think an alteration is necessary and 
the Type Commanders will soon take 
the ball from there on in to the proper 
bureau. But just because you don’t like 
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the machine’s characteristics, is no rea- 
son to junk it. If it’s on board for a 
designed purpose, make it serve that 
purpose. Otherwise invite attention to 
its shortcomings or obsolescence with 
the view toward its removal from the 
allowance list. Remember the wartime 
adage that went: “if it moves, salute it; 
if it doesn’t move, pick it up: if you 
can’t pick it up, paint it’? Almost the 
same applies to the proper upkeep and 
maintenance of equipment on board 
ship in that “if you have it, keep it up; 
if you keep it up, use it as it’s supposed 
to be used; but if it’s not worth using, 
then take steps to get rid of it.” Only 
do it officially; don’t make unauthorized 
changes and that applies with great em- 
phasis to structural changes. 


Always remember that the various 
structural features of a ship were in- 
corporated during construction to serve 
a specific purpose and any changes there- 
in for personal convenience can endan- 
ger the integrity of the ship’s structure 
as well as destroy the serviceability of 
the structure. Remember the pre-war 
days of the Melville and Altair and how 
through their long years of faithful 
service, their  superstructures, like 
Topsy, grew and grew? If the exigen- 
cies of wartime service had not forced 
a drastic removal of most of their top- 
side hamper, those ships would have 
approached the danger point where they 
would have rolled over in a heavy dew. 
Structural changes and the installation 
of superfluous equipage for personal de- 
sires should be avoided; during inspec- 
tions check any changes in the ship’s 
plans to be sure that the alterations 
have been approved by the cognizant 
bureau. The fact that the Admiral or 
Squadron Commander wants a new 
galley installed for the flag or desires 
a bulkhead knocked out to give the cabin 
more air is not authority for the change 
and he should not insist upon it without 
bureau authorization. What a kettle of 
fish would our ships be in if every new 
Admiral or skipper changed the ship’s 
arrangement to satisfy personal whims! 
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Operational necessity required the ship 
to be built that way in the first place 
but if the service requirements have 
changed to such an extent since the 
ship’s construction to warrant a change, 
then the procedure as set forth for re- 
questing authority for the change should 
be followed. The uninitiated may think 
that is the “red tape” way but service 
experience has shown it to be the most 
effective and economical way; rather 
that way than to have everyone go hog 
wild in making changes. However, in- 
specting officers should not frown on 
suggested changes as offered by opera- 
ating personnel; observe and listen to 
the arguments both for and against the 
alterations, then if they are considered 
to be reasonable in view of service 
operating requirements, forward the 
recommendations on for proper review 
and investigation. In that way we can 
obtain a higher operational standard. 

In carrying out inspections of other 
ships in connection with the competitive 
year or training cycle, do not be afraid 
to invite attention to any material de- 
ficiencies or improper maintenance 
practices. Failure to set our standards 
high will lead only to structural de- 
terioration and operational failures, so 
point out the defects without fear that 
you will be black-balled out of the 
“mutual admiration club” when the other 
officers come over to inspect your own 
ship. The general efficiency “meat ball” 
can not be earned without a searching 
inventory of all material features, so 
set the standards high and use inspec- 
tions to keep them that way. 

The proof of proper maintenance, of 
course, is in the effective operation of 
the ship. Machinery and material his- 
tories on the other hand, can give a 
comprehensive picture as to the progres- 
sive and routine phases of such mainten- 
ance. The records can also substantiate 
reasons for necessary repairs or altera- 
tions, so keep all records and logs com- 
plete. In the event of breakdown or 
when approaching a routine shipyard 
overhaul, they can be of inestimable 
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value in having necessary repairs or 
changes made to keep the plant and the 
structure of the ship in the best of 
material condition. 

If machinery did not wear out or 
break down; if ships’ structures did.not 
corrode and if all hands saw to it that 
dirt did not accumulate on board ship, 
maybe there would not be any need for 
routine material inspections. Likewise 
if all inspecting officers were conversant 
with the standards as set forth in bureau 
material manuals and if Commanding 
Officers permitted no unauthorized al- 
terations to be made afloat, then there 
would be no need for the Boards of 
Inspection and Survey to make periodic 
inspections; the Boards could then de- 
vote their time to surveys of unservice- 
able ships and to supervise acceptance 
trials for new naval units. With only 
serviceable craft retained in the post- 
war fleet and but little new construction 
in the offing, the Boards could then be 
disbanded ; except tor the fact that their 
presence is required by law. 

While routine machinery tests and 
periodic material inspections are di- 
rected by bureau manual instructions to 
insure the maintenance of operational 
standards for reliable service require- 
ments, it wasn’t until 1882 that the law 
of Congress established the requirements 
for the Board of Inspection and Survey. 
Prior to that time, as new naval con- 
struction was undertaken, officers were 
designated to supervise the building of 
our ships and then to observe the build- 
er’s trials to warrant acceptance of the 
ships which met the desired service 
standards. 

President Washington could be de- 
scribed as the first member of a Board 
of Inspection and Survey as he paid 
several visits to the United States dur- 
ing its building to observe personally 
the progress of construction. Before the 
advent of steam, however, preliminary 
inspections were made to ascertain the 
quality of material used during construc- 
tion as conforming to specifications. 

In 1860 a Board was appointed to 


review the practicability of converting 
all our sailing vessels to steam. How- 
ever, the war came along and although 
the Board was prevented from complet- 
ing its study, steam was introduced into 
the Navy—a favorable exigency of the 
service under the stress of war. The 
first acceptance trial requirements as 
laid down by the Navy might be said to 
have been those covering the service 
tests of the Monitor; they covered the 
optinium test which might be required 
of any man-of-war, namely, operations 
under fire by the enemy. As expressed 
in the terms under which the Monitor 
was built: “The Government requires 
ninety days in which to test the vessel. 
So soon as the vessel is ready for serv- 
ice, the Government will send her on 
the coast and put her before the 
enemy's batteries in the service for 
which you intend her. No other test 
can be made to prove the vessel . . . The 
plan is novel, and because it is so, the 
Government requires the designer to 
warrant its success. Placing the vessel 
before an enemy’s battery will test its 
capacity to resist shot and shell... The 
Government cannot consent to receive 
the vessel until she shall have been 
tested in the manner proposed.” The 
agreement with the builder did not 
cover the presence of a Board of Inspec- 
tion and Survey on board during the 
acceptance trial and the structural tests 
were carried out long before the proving 
ground was set up at Dahlgren! 

With only three navy yards along 
the east coast in competition for the 
allotment of funds to carry on ship re- 
pair work, Congress in 1882 passed a 
law which read as follows :—‘‘( August 
5, 1882; 22 Stat. 296-297, Chap. 391) 
It shall also be the duty of the Secre- 
tary of the Navy, as soon as may be 
after the passage of this act, to cause 
to be examined by competent boards 
of officers of the Navy, to be designated 
by him for that duty, all vessels be- 
longing to the Navy, not in actual 
service at sea, and vessels at sea as 
soon as practicable after they shall re- 
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turn to the United States, and here- 
after all vessels on their return from 
foreign station, and all vessels in the 
United States as often as once in three 
years, when practicable ; and said boards 
shall ascertain and report to the Secre- 
tary of the Navy, in writing, which of 
said vessels are unfit for further serv- 
ice, or, if the same are unfinished in 
any navy yard, those which can not be 
finished without great and dispropor- 
tionate expense, and shall in such re- 
port state fully the grounds and reason 
for their opinion. .. .” 

With but few ships in service at 
that time, the members of Congress 
who represented the navy yard sections 
could demand a prompt accounting of 
the Navy’s overhaul budget require- 
ments. A fair distribution of work to 
the yards could not be avoided with 
such a law in effect. But as the Navy 
grew in size and more navy yards were 
established along both coasts, the orig- 
inal precepts which prompted the law 
were lost sight of. However, the prac- 
ticability of the Boards of Inspection 
became more pronounced. As long as 
the statute remained on the books, ships 
continued to be inspected every three 
years and whenever they returned to 
the States from extended periods of 
foreign duty. As ships usually were 
scheduled for an overhaul after such 
foreign duty, the inspection served as 
a pre-overhaul one to uncover defi- 
ciencies. In time it has become the prac- 
tice for ships to be scheduled for exam- 
ination by the Board of Inspection and 
Survey from three to four months prior 
to routine overhaul. Ample time is then 
afforded for the Type Commanders and 
bureaus concerned to review the inspec- 
tion report; approve and authorize any 
alterations as recommended by _ the 
Board; allocate funds to the Shipyard 
for the work and to enable the over- 
hauling activity to plan and assemble 
material for the alteration. For a ship 
to obtain optimum results from the 
searching inspection carried out by the 
Board of Inspection and Survey, the 
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inspection should be scheduled well in 
advance of the shipyard availability. 

The legal importance of such an In- 
Surv inspection is not generally known 
to personnel afloat ; according to the law 
which established the Board, the bureaus 
concerned are required to explain what 
steps are proposed to correct any ma- 
terial deficiencies or to carry out. any 
design changes as recommended by the 
Board of Inspection and Survey. In 
other words, if InSurv says it must be 
so, the bureau has to let the front office 
know why it can’t be or what steps are 
being taken to make it so. If a train- 
ing cycle material inspection is due and 
at the same time a yard availability is 
not too far away, by all means have the 
Board of I and S officers do the job 
and get the benefit of their recommenda- 
tions. 

Aside from the legal backing of their 
report, such an inspection is more bene- 
ficial from the over-all service stand- 
point because as the result of going 
through all the various types of ships, 
the Board of Inspection and Survey has 
had a better picture of naval general 
maintenance standards. The Board’s 
officers, from their experience, are in a 
better position to point out deficiencies, 
violations of safety practices and to ad- 
vise as to proper maintenance standards. 
Operating directly under control from 
the Chief of Naval Operations the Board 
is in a better position to give a fair 
and impartial appraisal of a ship’s 
standards than would be done by a 
Board from a sister ship in the same 
force. So if the Board of I and S is 
scheduled to inspect your ship, welcome 
it on board with open arms and rest 
assured that it will call a spade a spade 
with great benefit to the ship and the 
service as a whole. Observe how the 
Board practices the “art of bilge div- 
ing’ with the view toward making fu- 
ture inspections just as thorough and 
searching so that our material standards 
will remain as high as possible and thus 
assure the protection of our Navy’s 
material investment. 
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I. Introduction 

The seal problem is an old one. been to provide a particularly long or 
Wherever two mutually separate com- difficult passage tending to prohibt fluid 
partments have been pierced by movable flow. A smooth shaft entering a pump 


members the demand for establishing an 
effective seal has existed. The seal 
served a primary function of prohibit- 
ing flow of fluid from a high to a low 
pressure area. A critical requirement 
was that the means of establishing a 
seal be such as not to result in undue 
friction losses and damage to moving 
elements. With high pressure differ- 
ences, large moving parts and high 
relative speeds the matter becomes in- 
creasingly important. 

The usual answer to the problem has 


* Patent Pending. 


housing through a conventional packing 
gland is sealed by the narrow passage 
between shaft and packing. A labyrinth 
seal provides a long and difficult pas- 
sage which also inhibits fluid flow. This 
paper discusses a seal which opposes 
fluid flow by means of an internal pres- 
sure field. 

In the first applications of seals pres- 
sures were quite low when compared 
with those found in general practice 
today. Relative speeds, between the ro- 
tating or reciprocating element, the 
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shaft or piston and the packing or 
housing, were considerably less than 
those encountered in current practice. 


Early problems relating to the sealing 
of a medium in a compartment, such as 
a pump cylinder, containing a moving 
element actuated by a shaft, were with- 
out doubt as difficult to solve, relatively, 
as those encountered in engineering ap- 
plications of today. Materials, produc- 
tion equipment and methods of 30 or 
50 years ago were not comparable to 
those of today. The balancing features, 
however, were the lower pressures and 
relative speeds that seals were required 
to meet. Thus it would appear safe to as- 
sume that the seals required in 1900 
were developed with the use of existing 
materials as readily as present day prob- 
lems of sealing are resolved. 

With the advent of high shaft speeds 
and increased operating pressures the 
demands for satisfactory sealing under 
varying degrees of radial and axial mis- 
alignment still remained very real. 

Seals for relatively large shafting, 
operating under conditions of high rub- 
bing velocities, present a number of 
rigid requirements that are regarded as 
essential for satisfactory performance. 
These include such factors as high ac- 
curacy of manufacture, careful installa- 
tion, lubrication of surfaces, reduction 
of heat losses, ease of maintenance, de- 
pendability and alignment under operat- 
ing conditions. 

During recent studies of a shaft seal 
problem the use of a centrifugal mer- 
cury seal, supplemented by a rubbing 
seal, which was to function only at low 
speeds, was conceived as a possible solu- 
tion. This paper undertakes to describe 
certain outstanding problems pursuant 
to this device; in addition a test model 
and experimental work are described.t 
The state of present knowledge together 
with a study of possible specific applica- 
tions to shafting, pumps and compres- 
sors is set forth in a general manner. 


IT. The Seal 


This seal is referred to as a mercury 
seal because it utilizes a mercury charge 
to establish the seal under normal con- 
ditions. The principal of the seal is 
schematically illustrated in Fig. 1. De- 
tails are limited in this Figure to permit 
illustration of the basic seal construc- 
tion and the principles of operation. 

The seal consists of 4 main elements : 
namely the annular channels, (7)-(8), 
expandable elements, (2), static element 
(4) and the sealing medium (6) which 
is mercury. The shells bounding the 
annular channel are secured to the ro- 
tatable shaft through suitable means. 
Expandable elements are attached to 
and form a part of the channel. The 
static element is fixed to the housing. 
The sealing medium is mercury and is 
retained in the annular channel. Assem- 
bly and charging with mercury will be 
discussed later. 


The steps in the operation of this 
unit are entirely automatic and do not 
require the use of any electrical or 
mechanical actuators. The various ele- 
ments operate over the desired speed 
range and are actuated by the centrifu- 
gal forces developed by rotation. Under 
the condition of zero shaft speed the 
mercury charge remains at the bottom 
of the annular channel as shown in Fig. 
2 position “o”’. Over the speed range 
o-c, Fig. 2, the flexible units grip the 
static element and thus prevent the pas- 
sage of a medium such as water from 
one side of the seal to the other. With 
rotation of the shaft centrifugal force 
tends to lift the expandable element 
from contact with the static member. 
However, the design is such that cen- 
trifugal force on the mercury causes it 
to be uniformly distributed around the 
annular channel well in advance of the 
actual break in contact between flexible 
and static seal elements. This condition 
is reached at speed position “c”, Fig. 2. 
Therefore, there is a speed range, b-c, 


+ Development work was conducted by Reed Research, Inc., Washington, D. C., under contract 


to the Bureau of Ships, Department of the Navy. 
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III, Engineering Problems of Design 


A. MERCURY SEAL COMPONENT 


As previously explained, under nor- 
mal conditions mercury provides the 
seal action. With steady operating con- 
ditions it can be expected that the mer- 
cury will tend to rotate as a rigid body, 
impelled by the frictional traction of 
the rotating shells. Some speed lag is to 
be expected due to frictional action 
within the body of the mercury, espe- 
cially in the portion adjacent to the 
static disc. Thus the lag in mercury 
must be considered in designing for 
sealing of a given pressure. 

Under the action of fluid pressure on 
one side of the mercury, the right hand 
surface of the mercury as shown in Fig. 
2, it can be readily derived that the 
relationship between the radii of the two 
surfaces, the left and right hand Fig. 2, 
is as follows: 

= Vri—2p/pw” where: 
r,—radius of non-pressurized 
surface in inches 

r, — radius of pressurized 
surface in inches 

p — pressure on surface at r,, in- 
cluding centrifugal water 
effect-psi 


p—mass density of mercury Ib 
sec?/in* 

— rotational speed of 
radians/sec 


mercury 


The above equation can be utilized to 
yield a minimum speed at which mer- 
cury sealing is possible with a given 
design or a minimum pressure for a 
specific configuration. It is assumed that 
seal acticn is impossible when the large 
radius, r,, exceeds the outer radius of 
the static disc. The actual shaft speed 
would be in excess of the mercury speed 
at this stage by a certain lag factor, 
which in early parts of the study was 
predicted as approximately 35 per cent 
of the shaft speed. 

The problem of providing sufficient 
volume within the two rotating shells 
for mercury under the static condition 
should be appreciated with special ref- 
erence to its inertia in starting. 

Particular attention was given to the 
selection of nonamalgamating materials 
for the shell, static disc and any other 
parts likely to come in contact with 
mercury during any phase of the opera- 
tion. 


B. LOW SPEED SEAL COMPONENT 


While this device can be most prop- 
erly termed a mercury seal, actually the 
most critical element in the design is the 
low speed seal component. 

Fig. 3 shows the elements in greater 
detail as applied to a model. Geometry 
is an important factor. Due to the lack 
of elastic predictibility of the collar (8), 
Fig. 3, it was felt that this element 
should serve only to provide flexibility. 
Since it drives a rather heavy spring 
under considerable preload, any design 
must be a compromise between the de- 
sire for optimum flexibility and, on the 
other hand, *both torsional stiffness and 
dynamic stability. 
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Material considerations are also im- 
portant. The contradictory requirement 
of low-friction rubbing between rubber 
and a fixed metallic surface was actually 
the first problem to be undertaken in 
the study of this device. That this is a 
first order matter, becomes apparent 
when it is considered that the initial 
contact pressure must be quite high; this 
low speed seal must remain effective at 
least up to the speed corresponding to 
minimum mercury seal. The low speed 
rubber element, to be effective, should 
resist wear under continuous opera- 
tion and should attain only moderate 
temperatures if sustained operation at 
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low speed is required. Several ma- 
terials were considered for the static 
rubbing ring; it was felt that an 
oil filled porous metallurgical product 
offered the best features. In all material 
considerations the close proximity of 
mercury was not forgotten. Thus in 
looking ahead, a non-amalgamating oil- 
ite, say a nickel material, may be suit- 
able for this element. 

From the start it seemed obvious that 
the only suitable collar material was 
rubber. Due to the probable presence of 
oil a neoprene was indicated ; durometer 
hardnesses of 40 and 60 were thought 
to lie in the appropriate range. It was 
also believed that slaked graphite could 
be applied to the rubber compound prior 
to moulding; the precipitating action of 
the graphite on the rubbing surface les- 
sens the heat generated. 

The action of the coiled garter spring 
is rather unique. Light springs of this 
form have been used on ‘“snap-off” 
seals; they have been ballasted with 
steel balls for immediate breakaway 
upon rotation. In our problem the neces- 
sity for delay has been made clear. Thus, 
prediction becomes important. In_ this 
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design the assumption was made that 
all the elasticity of the system resided in 
the spring with extremely small inter- 
action in the rubber-to-spring attach- 
ment. No separate ballast was con- 
sidered; calculations presumed the cen- 
trifugally affected mass to be made up 
largely of the spring itself. This seemed 
reasonable since the delay obviously re- 
quired quite a stiff spring. Thus in pre- 
breakaway operation the running force 
on the spring at its axis would be made 
up of: (a) centrifugal force, (b) the 
interference pressure corrected to the 
spring axis, and (c) inward directed 
forces acting on the effective width 
presently to be discussed. The action 
of the spring was estimated on its ap- 
proximate performance as an extension 
spring under the net force. The for- 
mulae used are shown in the appendix. 

The mechanism of low speed sealing 
action, seal-breakaway, and closure are 
rather complex. It was initially felt that 
breakaway would occur when the pres- 
sure of interference between the collar 
and the rubbing ring was equal to the 
ambient hydrostatic pressure. Thus a 
substantial interference must exist at no 
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speed; this could be accomplished by 
initial spring adjustment to a predeter- 
mined radius. An assumption had to be 
made as to the effective width of the 
rubber collar over which the hydrostatic 
force influenced the interference pres- 
sure. This is a direct addition to the 
interference pressure. The cycle of 
operation under pressure is shown in 
the appendix where the quantity p,, is 
the total initial interference pressure. 
It was estimated that the action of 
breakaway would be one of instability 
since the addition of water under pres- 
sure on the inner side of the rubber col- 


lar actually is tantamount to a direct 
outward load addition. Thus a rapid 
outward collar displacement would take 
place. This also explains, by similar 
reasoning, as shown, the lower speed of 
closure when the shaft slows down. 
This reasoning allows the preparation of 
appropriate curves of breakaway and 
closure. Characteristic curves, Fig. 11 
are shown in the Appendix. These curves 
are empirical to the extent that the 
breakaway pressure ratio p,,/py, was 
taken equal to .552. This was based on 
experiment with an assumed effective 
width of collar. It was evidently con- 
stant for all pressures. 


C. CHARACTERISTICS OF OPERATION 


As discussed above, the characteristic 
curves are in part made up of anticipated 
breakaway and closure speeds for vari- 
ous pressure conditions that are func- 
tions of the low speed seal. Implement- 
ing these, on Fig. 11, are curves based 
on minimum seal of mercury for various 
speed lags. These curves take conserva- 
tive account oi the increment centrif- 
ugal water pressure above the true hy- 
drostatic value. The theoretical range 
of a given design, then, is the pressure 


IV. Tests 


corresponding to the intersection of 
closure speed and the minimum mer- 
cury speed for the correct lag in mer- 
cury velocity. Actually an overlap is 
logically called for in safe design. Clo- 
sure should take place at a speed in ex- 
cess of the minimum mercury sealing 
speed. This is the seal margin of safety. 
The tinal adjustment of this can be 
made by regulation of the spring ten- 
sion. 


A. PROTOTYPE DESIGN 


Fig. 3 and certain of the curves in 
the appendix pertain to a demonstration 
model which was built by Reed Re- 
search, Inc. The purpose of this model 
was to demonstrate the feasibility of a 
mercury seal incorporating the features 
discussed above. A secondary aim of 
the work was to predict performance 
for a large high speed shaft. 

It was felt that one way sealing ac- 
tion only need be demonstrated. Ac- 
cordingly, the inside of the box, Fig. 3, 
represents a compartment under hydro- 
static pressure against which the seal 
acts—from the inside out. Thus an over- 
hung shaft was feasible. It would then 


be possible in later tests to demonstrate 
operation under simulated conditions of 
misalignment. It seemed desirable to 
completely separate the mercury seal 
and the low speed elements. A more or 
less cylindrical form of rubber collar 
was selected. A number of collars were 
actually built from the same mould. 
These varied in hardness and in slaked 
graphite content. Although segmented 
springs and snaprings were considered, 
the garter springs seemed to possess 
outstanding advantages. 

The static ring was designed without 
lubrication grooves. It was assembled 
with a press fit to the supporting flange 
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and held in place by means of a locking 
nut, Fig. 3. 

For assembly purposes the static disk 
had to be separated from the flange. The 
geometry of the shells as shown follows 
the necessity of retaining the mercury 
when the device is at rest, and of avoid- 
ing splash when starting from rest. It 
also reflects a desire for flexibility and 
more liberal manufacturing tolerances. 
At top speed the mercury pressure at its 


Figure 4.—Overall View of Demonstration 
Model—Showing Motor, Variable Speed 
Control, Pressurized Compartment, Forced 
Lubrication Line, and Pressure Gauges. 


Figure 5.—Demonstration Model Seal— 

Showing External Components; Retaining 

Shell has been removed to show Rubber 
Collar and Garter Spring. 


outer circumference is quite high. The 
gasket therefore required considerable 
attention. A high rubber-content cork 
material was selected. The retaining 
shell was deemed necessary as insurance 
against dynamic instability of the 
springs and collar at maximum speeds. 
The rubber collar was designed with 
0.125 in. interference on the inner shell. 
It was secured with a “tension cement.” 
This was desirable on the model, al- 
though for standard installation a vul- 
canized assembly would probably be ad- 
visable. 

As noted on the accompanying photo- 
graphs, Figs. 4-7, speed variation was 
accomplished through a double variable 
pitch control. A speed range of from 
500 to 4000 rpm was thus available. 


Figure 6—Model Seal—Static Assembly— 
Showing Static Disk, Rubbing Ring, and 
Compartment Flange. 


Figure 7.—Model Seal Elements—From 

left to right: Outer Shell with Gasket, 

Static Disk, Rubbing Ring (showing oil 

grooves), and Inner Shell with Collar and 
Spring Assembled. 
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B. RESULTS OF TESTING 


Both seal components were tested 
separately under air pressures up to 12 
psi prior to full testing of the assembled 
unit. An oilite rubbing ring, filled with 
SAE 10 oil was used. Breakaway oc- 
curred at about 1400 rpm which was 
quite close to the predicted breakaway. 

The testing of the mercury action 
alone, aside from confirming the gen- 
eral theory, served the important pur- 
pose of evaluating the speed for mini- 
mum mercury seal. A general idea of 
mercury action at lower speeds was also 
obtained. When the mercury seal failed, 
the air, or water, did not displace the 
mercury from the outer shell region 
but appeared to slip inside and around 
the edge of the static disk. It would 
seem that the mercury, under this con- 
dition is flattened against the two shell 
halves with an annular escape passage 
for the fluid inside. These early tests 
tended to confirm the design estimate 
of a lag of about 35 per cent between 
the mercury and the shell. 

The two seal components were then 
tested as a unit under air pressure. Then 
the housing was charged with water to 
a pressure of 10 psi. In early testing the 
first test of a series was entirely satis- 
factory; subsequent tests of a series 
brought to light a stalling tendency at 
the breakaway speed. Even with a % 
hp motor driving the unit breakaway 
could not be repeatedly effected. This 
condition was particularly pronounced 
at higher pressures. A polished steel 
rubbing ring and then an oilless powder 
metallurgical brass were substituted for 
the oilite ring. The same high pressure 
stalling was observed and was even 
more pronounced. 

The conclusion was that oil flow from 
the oilite pores was inhibited by water 
under high head, and consequently lubri- 
cation after the first breakaway, of a 
test run or series, was greatly impaired. 
The answer seemed to be to arrange 
for forced lubrication of the oilite ring 
for high pressure operation. Therefore, 
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another oilite ring was machined as 
shown in Fig. 3. Internal oil grooves 
were machined and oil admitted to the 
inner surface at four points. Subsequent 
tests proved that for operation under 
pressure of water a lubricant supply at 
higher pressure permitted trouble-free 
action. 

It will be noted on the analytical 
characteristic curves of Fig. 11 that 
closure speed becomes increasingly 
lower with added head. This was noted 
in the model. In fact it was suspected 
that the centrifugal action of water im- 
mediately inside the rubber collar on 
slow-down tended further to inhibit 
closure. This action will be discussed 
in detail in the following paragraphs. 

The device was tested under condi- 
tions of slight shaft-bulkhead misalign- 
ment. While the action of the seal ele- 
ments did not seem far different from 
aligned tests, these results are incon- 
clusive. This was not felt to be a part 
of the first phase testing. 

Gasketing of the mercury container 
(i.e. the shells) does not present a 
serious problem. However, it was found 
that considerable care should go into 
the scarfing of the ends of the gasket. 
Evidence of a light mercury spray on 
the inside of the oilite rubbing ring was 
occasionally found. It is of sufficient 
importance to suggest the inclusion of 
internal splash guards. 

The spring was wired to the rubber 
collar and no signs of tearing or pulling 
were noted. The ends of the spring were 
made fast, one to the other, by means of 
a short length of metal tubing. At 
present, adjustment is made by varying 
the effective length of the spring. With 
the spring as adjusted for test the limit- 
ing water head of the model was about 
7 psi. 

Temperatures do not appear to pre- 
sent any difficulties. Even under early 
test stalling, it is doubtful whether the 
ring or rubber temperatures at any time 
exceeded 150°F. The temperature gen- 
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erated at high speed between the mer- 
cury and the static disk was also 
moderate. 

The repeated operation of the seal 
permits a small amount of fluid to be 
transferred from the high to the low 
pressure side of the seal. An inspection 
of Fig. 3 will show that water may 
enter the annular shell when the rubber 
ring lifts from contact with the static 
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ring. Some of the fluid is then permit- 
ted to pass to the other side of the seal 
housing only when the shaft is brought 
to rest. The amount of water that 
would be transferred in this manner is 
of no consequence in a bulkhead seal. 
The quantity may be reduced to a negli- 
gible amount by a design that keeps the 
space between the shell walls and the 
disk at a minimum. 


C. FUTURE TESTS 


In essence, the present model presents 
a good tool for the further experimenta- 
tion which seems warranted. The pres- 
ent collar shape is not, perhaps, the 
optimum configuration. Investigation of 
other collar shapes is desirable. A disk 
form of rubber element appears to offer 
advantage. It would compact the seal; 
and any centrifugal excess pressure, act- 
ing from the inside, would minimize the 
delay in closure of the seal on slow- 
down. A number of other factors should 
be considered in any further test of 
this seal. These include the following: 


1. Effective width. In order to pre- 
dict the behavior of the spring, the 
effect of hydrostatic pressure is 
important. The extent to which 
this pressure influences the spring 
action should be learned. This 
might be accomplished by sealing 
off the collar under varying in- 
ternal pressure as a separate com- 
ponent test and by measuring rela- 
tive spring displacements (i.e. 
double collar-spring testing ). 
Mercury distribution. An_ elec- 
trical probing or sounding of mer- 
cury under various conditions of 
sealing or no sealing is desirable 
in order to investigate the fluid 
dynamic action. 
3. Lubrication. Testing of new type 
powder metallurgy products for 
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the rubbing ring would be of 
value. Instrumentation for fric- 
tional power losses should be 
made. Frictional drag of the mer- 
cury could be studied (i.e. torque 
measurements ). 

4. Deformation. The model, as it 
now exists, is equipped to test a 
small degree of misalignment. 
Testing under gross misalignment 
with expandable bellows and in- 
ternal aligning rollers would be 
valuable. This would determine 
the exact degree of maximum 
satisfactory misalignment 

5. Spring action. The unusual use 
of a garter spring suggests some 
quantitative measurements of the 
spring under the action of centrif- 
ugal forces. 

6. Mercury rotation. The possible 
artificial roughening of the inner 
shell surface is interesting. This 
may reduce the lag between mer- 
cury and the rotating shell. A van- 
ing of these surfaces might be 
considered. 
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Geometry. Narrowing of the mer- 
cury area may result in a more 
compact unit, especially with split 
shells. Greater differences in radii 
may be possible and would result 
in higher operating pressures for 
the same speed. 
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V. Possible Fields of Application 


The proposed application of this mer- 
cury seal was for main shafting on 
ships. However, it is considered that 
this seal may also find use in compres- 


A. LINE 

The sealing of line shafting at points 
of bulkhead penetration appears to be 
an ideal application of the mercury seal 
with features incorporated to give maxi- 
mum flexibility. This flexibility is 
necessary to assure sealing under severe 
bulkhead damage and one compartment 
flooding that might result from a colli- 
sion between two vessels. The com- 
ponents of a basic seal, as shown in 
Fig. 8, could not handle severe mis- 
alignment. The attachment of the static 
rubbing ring to a deformable bellows. 
Fig. 8 B, is indicated as a means for 
obtaining high flexibility. In order that 
all deformation take place in the bel- 
lows, it is necessary that the static 
elements of the seal proper remain in 


10 LEXPANSIBLE_ BELLOWS (STEEL) 
"8 [MERCURY SPLASH SEALS 


[6 [OUTER STATIC ELEMENT 


sors, pumps and other applications. Sev- 
eral possible uses are described briefly 
in the following paragraphs. 


SHAFTING 


reasonable alignment with the rotating 
units. The alignment is possible to re- 
tain by utilizing circular rollers and 
races in the annular channel and the 
fixed radial disk as shown. 

Bulkhead distortions, depending on 
shaft size and seal dimensions, as great 
as 12 inches are considered feasible 
without causing the seal to become in- 
operative. 

It is entirely feasible to operate under 
normal conditions with the seal dry of 
mercury. Provisions for automatic mer- 
cury fill with the rise of water to a 
predetermined level are practical. There- 
fore at high speeds, under normal con- 
ditions, the losses in the seal would be 
negligible. 


| ALIGNING ROLLERS 
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A- NORMAL ARRANGEMENT 


FIG. 8 SAMP. 


B- ALTERNATIVE ARRANGE MENT 
FOR EXTENSIVE DAMAGE 


AFT APPLICATI 


MAX. SPEED ~ APPROX. 350 RPM 
EST. BREAK AWAY~ 130 RPM AS SHOWN 


358 


wh 
bul 
mi: 
cas 
bec 
at 
ind 
8 J 
enc 
( 
par 
sha 
spe 
pon 
suc 
is 
hig! 
met 
| tive 
be 
/ 
/ 
/ | 
| VI. 
has 
| shou 
a ful 
prof 
ON 
|_| 


MERCURY SHAFT SEAL 


B. GEAR CASES 


The problem of sealing a shaft at the 
point of entry to a gear case is some- 
what simplified over that needed for a 
bulkhead as described above. The severe 
misalignment conditions between the 
case and shaft need not be considered 
because any appreciable misalignment 
at this point would render the gear 
inoperative. A seal as shown in Fig. 
8 A would satisfy the conditions to be 
encountered under normal operation 


with small misalignment. With moder- 
ate heads, approximately 15 psi, to seal 
against, the proportions of the unit may 
be kept within the size indicated. 

The low speed operation, where the 
flexible elements are rubbing the static 
ring, is in a range that is well below 
the normal operation and would be en- 
countered only as a transient condition. 
The friction losses under these condi- 
tions would not be severe. 


C. CENTRIFUGAL PUMPS 


Centrifugal pumps seem to offer a 
particularly promising field for mercury 
shaft seals. Usually being constant 
speed machines, the low speed com- 
ponent could snap off at the start on 
such applications. The speed of pumps 
is usually fairly high and _ therefore 
high head sealing is quite possible. A 
mercury seal, correctly designed, is posi- 
tive and absolute. Wear problems are 
negligible, and maintenance would not 
be a factor. Such an application is illus- 
trated on Fig. 9. This application could 


VI. Design and Manufacture 


The design and testing of this seal 
has indicated a number of features that 
should be considered for inclusion in 
a full size unit. 

One of the obvious factors is the 
proper selection of material. Any tend- 
ency for the formation of an amalgam 
must be avoided. It is obvious that 


be applied to existing pumps without 
necessity of shafting or housing modifi- 
cation. 


aluminum or bronze will not be suited 
for the radial disk or the shells. Steel 
is considered satisfactory for these ele- 
ments. However, aluminum and other 
light metals such as titanium may be 
used if they are given a protective coat- 
ing of rubber, plastic or other material 
that will not amalgamate with mercury. 
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The flexible elements should be oil-re- 
sisting material such as neoprene, to 
prevent deterioration due to contact with 
a lubricant. Material selected for the 
rubbing portion of the static ring should 
be of a type that is self-lubricating for 
non-pressure operation (i.e. powder 
metallurgy product). Provisions for 
automatic lubrication under conditions 
of high pressure, say a flooded state, 
can be easily achieved. Constant speed 
units require no forced lubrication. 

The design of the seal is such that 
two shell pieces are necessary. Due to 
pressures generated within the mercury 
charge during high speeds, use of gas- 
kets between shells is essential to re- 
tain the sealing medium. The radial 
disk and the static ring may be integral 
units or made separate and secured by 
several methods. The garter spring has 
been selected as the most suitable type 
for the retaining unit since it is possi- 


VII. Conclusions 


The tests conducted on the model seal, 
Figs. 3-7, have indicated the basic feasi- 
bility of the mercury shaft seal for the 
application specified earlier in the paper. 

Operation of this seal indicated that 
a system of forced lubrication is needed 
between the flexible element and the 
static ring when hydrostatic pressure is 
applied. This appears to be true even 
though a self-lubricating material is 
used for the static ring. 

The delayed action of a spring-loaded 
flexible element can be attained through 
centrifugal action within certain limits. 

The flexible elements should be made 
as short, axially, as practicable. It is be- 
lieved that this may result in a more 
compact design and will also enable the 
low speed seal action to be predicted 
with greater accuracy as to closure. 

This mercury shaft seal, as at present 
conceived, of course, implies elabora- 
tions over present seal designs. The 
extra length and radii of the seal, the 
requirement of mercury, the greater 


360 


ble to predict with reasonable accuracy 
the action under varying speeds. Pro- 
visions can be made to mould the spring 
with the flexible element after exact 
spring characteristics have been deter- 
mined. Due care must be exercised in the 
design of the shells to assure retention 
of the mercury charge that has been 
distributed around the circumference. 

While actual test experience has not 
been obtained with flexible collars that 
were wrapped around the shaft and 
bonded to form a ring, it is questioned 
whether a flexible unit formed in this 
manner would be satisfactory. It would 
appear that a collar formed by moulding 
a continuous ring would give a better 
contact surface and would result in 
trouble-free operation. 

The design of the seal should be such 
that the mercury charge may be with- 
drawn and replaced with a minimum 
amount of difficulty. 


engineering, and the number of com- 
ponents of different designs all leading 
to higher costs are superficially unat- 
tractive features. There is sometimes a 
feeling that a loss of simplicity is a loss 
of reliability. Objective decision should 
relate such a device to its place in the 
sun. That place can loom rather large 
if it is to safeguard the actual existence 
of any type of vessel. Penetration of a 
watertight bulkhead by a rotating shaft 
is obviously a weak link in the water- 
tight integrity of a ship. The invest- 
ment in extra insurance in the form of 
a more versatile seal is therefore small 
with regard to the overall investment. 
With regard to its reliability, the low 
speed and static components appear ex- 
tremely reliable for all pressures. 

At higher speeds an array of such 
seals in gear cases, along line shafts or 
in other application would absorb very 
little power. Line shaft seals operating 
dry would absorb no power. It is quite 
probable that line shaft seals could be 
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developed such that bulkheads may be sens 
moved considerably due to collision or 
other causes without loss of seal action 
even with operation over the entire 
speed range; shafts, themselves, could 
be moved appreciably without loss of 
seal action at points of penetration. 
This seal makes two claims for itself 
which are believed not yet made by any 
other design. The first claim is one of 
improved functional performance as well 
as of power economy. The second claim 
is one of great flexibility and conse- 
quently one of greater overall reliability 


10 MERCURY SHAFT 


Ratio of interfence Pressure to Myérestetic Pressure 
“ 


than any other present seal. 


APPENDIX 


Ng = SHAFT SPEED 


EFFECT OF SPRING TIGHTENING 
Nm= MERCURY SPEED 


\ EFFECT OF GREATER 


RADII DIFFERENTIAL 
\ Slo = 


\ 
MERCURY SEAL 
L CLOSURE CENTRIFUGAL WATER PRESSURE EFFECT 


N~R.P.M. 


6 8 1012141680 
HYDROSTATIC PRESSURE PS.I. 


FIG. |! MERCURY SHAFT SEAL 
CHARACTERISTIC CURVES DEMONSTRATION MODEL. 
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APPENDIX 


APPROX!IMAT 


TER SPRING FORM 


st'l. density 
no. of coils 
centrf'l. force 


spring tension 

eff. seal width 

angular velocity rads./sec 
radial displacement 

spring extension — in 

spring wt. “/in 

eff. rubber wt. 

total rubbing wt. “/in = wot Ww, 


Ww, = ¥1T?0.d7/ 4h 

N = /h 

s = T-0-2.55/d° 

6 = 


G = mod. of rigidity = 11.5 x 10% “7in2 

h = mean spring pitch — in/coil 

f = radius factor = %/r, 

S = stress in spring */in2 

Pe = rubbing pressure at radius — 

q = centrf‘l running load on spring at 
We = eff. width of nydrostatic action 

P, = hydostatic pressure ‘Yin? 

dF = elemental force on spring at 

elemental centrf'l. force on spring at fr, 


- 6/2n = i/en 
= wtdw,/g = 


q = d&/r, = 
a = 4+ FRM 
T= 


- total running force on spring 


- net tension in spring 


* This term vanishes when hydrostatic pressure operates on 


inside of collar. 
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Eree Ory Interference 
w:0 wso wero 
Ory interference Sonng Tension, 27 
Contact Pressure, (2) Res % 


4 
Flooded interference Spring Tension, (3) uneitere) 
Contact Pressure, hes Ste 
Asoumes woter pressure octe s 
- 
Contact Pressure, (6) Ge: | 


(b)After lift-off: Spring Tension, (8) = 


instability 


Moximum Speed Spring Tension, (10) Tm: (EA) 
Radia! Displacement, (11) Up * (S28 )(m- 


Closure Spring Tension, (12) Ty (Some os before breetowcy? 


Speed, WD us 


* If on effective width is assumed, tes! doto trom one test will give o value of # which con be presumed constant for all pressures 


This allows prediction of breakaway ond cicsure 
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Summary: A series of measurements an antenna from the specific antenna 


of the impedance characteristics of cy- 
lindrical sleeve antennas has been made. 
These measurements were conducted 
over a wide range of frequencies, radi- 
ator and sleeve diameters, and ratios of 
radiator length to sleeve length. The 
data are plotted in families of curves of 
resistance and reactance vs frequency, 
considering each of the physical vari- 
ables. These data may be employed in 
determining the physical dimensions of 
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impedance and frequency range speci- 
fications, or conversely in determining 
the electrical characteristics of a given 
physical design. 

Measurement of the relative field pat- 
terns in a vertical plane are shown for 
representative antennas. Particular at- 
tention was given to this variation as a 
function of the ratio of radiator to 
sleeve length at a given frequency. 


CYLINDRICAL SLEEVE ANTENNAS 


I. INTRODUCTION 


Some months ago the writers became 
interested in investigating the charac- 
teristics of Cylindrical Sleeve Antennas. 
This type of antenna is composed otf 
elements, each of which have uniform 
cross sectional area, but are not neces- 
sarily of the same length or diameter. 
It can be considered electrically as a cy- 
lindrical monopole antenna with the 
feed point removed some distance from 
the base of the antenna. 

This sleeve antenna does not neces- 
sarily constitute the ideal type for many 
designs, particularly when the diameter 
of the radiating element is large with 
respect to the feed line. Under these 
circumstances some advantage is gained 
by the use of tapered sections which 
avoid large discontinuities at the feed 
point and thus simplify the impedance 
matching problem. 

It has been generally considered that, 
given the same physical cross sectional 
area, antennas of the “sleeve” type pre- 
sent a more desirable impedance charac- 
teristic to the terminating networks 
than other broad band antennas. A 
search of the literature has revealed re- 
ports on the design of various specific 
sleeve antennas,” * but has failed to re- 
veal sufficient correlated data to provide 
general design information. 

After considering various aspects of 
the sleeve antenna problem, a systematic 
experimental investigation was chosen 
in preference to a theoretical approach. 
The impedance data were obtained over 


Fig. 1 - Sleeve Antenna 


a reasonably wide range of values for 
the four independent variables. The pur- 
pose of this article is to present these 
data in such form that the designer can 
apply it to a particular need. 


II. PROBLEM DETAILS 


The physical arrangement of the im- 
pedance measuring equipment is shown 
in Figure 2. A typical sleeve antenna is 
shown mounted on the ground screen 
in Figure 3. The ground screen was 
constructed of small mesh wire, with a 


brass plate in the center where the an- 
tenna was mounted, and was terminated 
on all sides by adjacent triangular wire 
mesh sections connected to a common 
ground strip. This type of termination 
greatly reduced reflections from the edge 


tN. Lindenblad, RCA Review 12/4/39 “Television Antenna design.” 
? Bock, Nelson, Dorne; VHF Technique RRL Vol. I, Chapter V, “Sleeve Antennas.” 
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of screen and thus minimized the size 
of screen required. The ground screen 
structure was mounted on the side of 
building with the center at a second 
floor level since this permitted the use 
of an unusually short straight section 
of cable between the slotted measuring 
line and the antenna terminals. 

Measurements were made by the 
normal probe-slotted-line methods with 
the system as shown in Figure 2. The 
probe-detector indicated the ratio of cur- 
rent maximum-to-minimum as well as 
the position of the current minimum on 
the line. These quantities, together with 
the position of the current minimum 
when the line is shorted at the antenna 
terminals and the impedance of the line, 
determine the impedance which exists at 
the antenna terminals. 

It was found after considerable in- 
vestigation that the optimum perform- 
ance of the system shown in Figure 2 
was between 65 and 330 Mes. Then with 
30” chosen as the fixed overall antenna 
length, the diameter of the upper or 
radiator section was varied from 4” to 
8”, and the diameter of the lower or 


CALIBRATED SCALE 


CYLINDRICAL SLEEVE ANTENNAS 


ATTENUATOR 


Fig. 2 - Sketch of Arrangement Used 
for Making Impedance Measurements 


Fig. 3 - Sleeve Antenna on Ground Screen 


sleeve section was varied from 1 to 8 
inches. The steps in each instance were 
in ratios of two to one, i.e. 4, %, 1, 2, 
4, and 8 inch diameters for the radia- 
tors, and 1, 2, 4, and 8 inch diameters 
for the sleeves. The spacing between 
the sleeve and radiator was % of an 
inch for 2” and 4” radiators and 3/16 
inch for all others. The outside diam- 
eter of the outer and inner conduc- 
tors of the transmission line feeding the 
antenna were 1 inch and .25 inches 
respectively. The details of construc- 
tion are shown in Figure 1. 
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EXPERIMENTAL RESULTS 


(A) Arrangement of the Data 

The data resulting from each series 
of measurements have been plotted in 
two sets of curves, one showing the 
variation of resistance with frequency 
for the fixed physical dimensions of 
each member of the series, and the other 
showing the variation of reactance with 
frequency. Thus the curves of Figure 4 
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Pig. 4 - Resistance we Frequency 


Pig. 6 - Resistance vs Frequency 


show the resistance characteristic for 
the series of sleeve antennas having a 
sleeve diameter of 1 inch, ratio of radi- 
ator to sleeve length of 4 and radiator 
diameters of 4, %, 1, 2, and 4 inches. 
This series has the smallest diameter 
sleeve considered in these measurments. 
Figure 5 shows the reactance curves 
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Fie. 5 - Reactance vs Frequency 


Fig. 7 - Reactance vs Frequency 
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for the same series of antennas. The 
next step in. this family of curves for 
the sleeve diameter of 1 inch is shown 
on Figure 6. The radiator section is 
now twice as long as the sleeve, and the 
radiator diameters have again been 
varied from % inch to 4 inches in 2 to 


FREQUENCY IN MCS 


Pig. 8 - Resistance vs Frequency 


20 
FREQUENCY IN 


Fig. 10 - Resistance vs Frequency 


™ 7 20 290 330 


1 steps. Figure 7 shows the corre- 
sponding reactance curves. Similarly 
Figures 8 and 9 show the series with 
the radiator length equal to the sleeve 
length. Figures 10 and 11 show the series 
with the radiator length one half of 
the sleeve length, and Figures 12 and 


20 230 
FREQUENCY C'S 


Fig. Reactance vs Frequency 
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13 show the series with radiator length 
one quarter of the sleeve length. 
Figures 14 and 15 are the start of 
the family of data using a sleeve diam- 
eter of 2 inches. The sequence of the 
dimensional changes follows again as 
first described through Figures 22 and 
23. Figures 24 through 33 present the 
data for the family using a sleeve diam- 
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Fig 12 - Resistance vs Preeuency 


Fig. 14 Resistance vs Frequency 
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eter of 4 


inches, and Figures 34 
through 39 show the data for the family 
using a sleeve diameter of 8 inches. In 
general it can be noted that the high- 
est value of maximum resistance occurs 
when the radiator diameter is smallest, 
and that the ratio of maximum to mini- 
mum resistance is largest for this same 
condition. 


Fig. 15 - Reactance vs Frequency 
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Pig. 16 - Resistance vs Frequency 
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Fig. 18 - Resistance vs Frequency 
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Pig. 19 - Reactance vs Frequency 
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Fig. 21 - Reactance vs Frequency 


Fig. 20 - Resistance vs Frequency 


Fig. 23 Reactance vs Frequency 


Fig. 22 - Resistance ve Frequency 
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Fig. 28 - Resistance vs Prequency 


vs Frequency 
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Fig. 38 - Resistance vs Frequency 
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Fig. 39 - Reactance vs Frequency 
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Fig. 41 - Reactance vs Frequency 
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The data presented in Figure 4 through 
39 may be replotted in various ways 
considering two of the independent 
variables constant, and varying the re- 
maining ones. An example of a differ- 
ent type of presentation is shown in 
Figures 40 and 41, where each curve 
represents a different ratio of radiator 
length to sleeve length for a fixed radi- 
ator diameter of 1” and sleeve diameter 
of 4 inches. It can be noted that in 
general, the position of the resistance 
maximum shifts towards the lower fre- 
quencies as the ratio of radiator length 
to sleeve length is decreased. 


A pplication 


The data as shown in Figures 4 
through 41 are useful in the design of 
specific sleeve antennas for which the 
electrical or the physical characteristics 
have been predetermined. These de- 
signs may be classified as follows: 

(a) When the physical parameters 
of a sleeve antenna have been restricted 
to specific limits, the problem is to de- 
sign an antenna which has the most 
desirable impedance characteristic over 
a given frequency range; 

(b) When the frequency range and 
standing wave ratio have been assigned 
limits, then the problem is to determine 
the physical dimensions which will pro- 
duce an antenna having the desired 
characteristics. 


As an instance where it is necessary 
to produce antenna to operate in a given 
frequency range with allowable values 
of standing wave ratio, consider the fol- 
lowing case: Let the frequency limits 
be set at 65 and 300 Mc with values 
of standing wave ratios better than 0.20 
to be obtained throughout. Then by 
considering the data of Figures 4 thru 
39 it can be observed that the antennas 
represented by Figures 4 and 5 have 
reasonable impedance characteristics 
over the required band. The most prom- 
ising of these consists of a 1 inch diam- 
eter sleeve, a 4 inch diameter radia- 
tor and a ratio of radiator length to 


sleeve length of 4. The resistance for 
this antenna varies from 17.5 to 245 
ohms, the reactance varies from 50 to 
—140 ohms, and the standing wave 
ratio varies from .20 to .60. The im- 
pedance characteristics of this antenna 
could be considerably improved by the 
use of impedance matching sections. 


Feed Point Capacitance 


The physical construction of the 
sleeve antenna introduces a capacity 
that shunts the feed point. This capacity 
is in parallel with the true antenna 
impedance and cannot be measured di- 
rectly. The two plates of this con- 
denser for the sleeve antennas under 
consideration are the metal disc which 
closes the top of sleeve and the disc 
which closes the bottom of the radiator. 
(See Figure 1). The reactance of this 
shunting capacity is the same in any 
scaled frequency band for all antennas 
scaled from a given model. For a given 
antenna design this shunting capacity 
increases as the diameter of the radia- 
tor and sleeve increase. Hence the effect 
of this shunting capacity upon the an- 
tenna impedance is the greatest for the 
largest diameter radiator and _ sleeve. 
This fact is evident from the data be- 
cause the antenna reactance is not sym- 
metrically arranged about the zero axis 
but is shifted toward the negative react- 
ance values. In many instances where 
both the radiator and sleeve are of rela- 
tively large diameter, it will be desir- 
able to reduce this shunting capacity by 
proper design considerations. 

By neglecting the fringing effect upon 
the capacitance, the following simple 
formula can be employed. 


C=0.02235 KA mmfd 
d 
Where K—dielectric constant (air in 
this case and is one). 
A—Area of the smaller disc in 
square inches. 
d—spacing between the discs 
in inches. 
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CYLINDRICAL SLEEVE ANTENNAS 


Thus the shunting capacitance C is 
determined by the smaller diameter ele- 
ment (sleeve or radiator) and is essen- 
tially independent of the diameter of 
the larger element. 

Since this capacitance is inherent in 
the construction of the sleeve antenna, 
no correction for its effect has been 


made in the foregoing data. However, 
its value has been calculated for two 
general conditions, namely a two inch 
diameter disc and for a 4 inch diameter 
disc with a spacing of % inches. Curves 
of the reactance of these two feed point 
capacitances are plotted on Figure 42. 

An illustration of the effect of the 
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Fig. 42 - Shunt Reactance vs Frequency 
Curve (1) - 4” diameter disc 
Curve (2) - 2” diameter disc 
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Curve (1) . . Resistance vs Frequency 
Curve (2) . . Resistance vs Frequency 


(with the base reactance 
effectively removed) 
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Fig. 43 - Sleeve Antenna, Resistance vs Frequency for 4” Diameter Sleeve, 
4” Diameter Radiator and Radiator Length to Sleeve Length Ratio of 2. 


teed point capacitance is provided by 
the curves of Figure 43. For these data 
the measured resistance characteristic 
of the antenna having a 4 inch radiator 
and a 4 inch sleeve (previously shown 
on Figure 26) has been taken point by 
point and corrected, giving the second 
curve on the Figure. It is seen that 
both the magnitude and position of the 
resistance are materially altered by the 
feed point or “base” capacitance. 


Antenna Scaling 


The model technique is a well estab- 
lished principle in antenna work. Thus 
the antenna impedance data are valid 
for other frequency bands providing all 
of the antenna dimensions are properly 
scaled. If for a given antenna design 
the frequency band has to be scaled by 
a factor “h”, all of the physical dimen- 
sions of the antenna must be scaled by 
a factor of 1/,. 

A simple check was made on the 
model principle by using a scaling fac- 
tor of one half for all the physical 
dimensions of the antenna and then 
measuring the impedance at twice the 
original frequencies. The antenna im- 
pedance data for this scaled antenna 
were the same as for the original an- 
tenna. 


Dipole Type of Sleeve Antenna 


All of the data presented in this 
article have applied to the monopole 
type of sleeve antenna. If it is desired : 
to have a balanced sleeve antenna; then 
the ground plane is replaced by the 
image of the sleeve antenna. The resist- 
ance and reactance of the dipole type 
of sleeve antenna are twice that for a 
ground sleeve antenna. The overall 
length of the dipole type of sleeve an- 
tenna is also twice that for a monopole 
type of sleeve antenna. 


Antenna Patterns 


A series of measurements of vertical 
field patterns has been made. It was 
found that field patterns are essen- 
tially independent of the diameters of 
the radiating elements within the prob- 
lem limits previously defined. Consider- 
able effect, however, was noted with 
changes in radiator-length to sleeve- 
length ratio. In general, patterns are 
similar to those of simple vertical an- 
tennas at frequencies for which the 
antenna is short with respect to a wave- 
length but as the frequency increases a 
decided null occurs in the region 20-30 
degrees above the horizontal axis. The 
depth of this null is determined pri- 
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157 Mc 207 Mc 
243 Mc 273 Mc 
295 Mc 345 Mc 


Fig. 44 - Vertical field patterns of sleeve antennas with fixed diameter radiator 
(1/2”), sleeve (4”), radiator length to sleeve length of 4, anda total length of 
30” at frequencies as shown. 


0.5 1.0 


2.0 4.0 


Fig. 45 - Vertical field patterns of sleeve antennas with fixed diameter radiator 
(1/2”), sleeve diameter (4”), and total length of 30” at 345 Mc. Ratios of radiator 
length to sleeve length are indicated under each Figure. 
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marily by the ratio of radiator-length 
to sleeve-length of the antenna, becom- 
ing deeper as this ratio is decreased. 
The patterns for a sleeve antenna in 
a vertical plane are shown in Figure 
44 for 157, 207, 243, 295 and 345 Mc. 


This antenna has a % inch diameter 


radiator, 4 inch diameter sleeve and a 
ratio of radiator length to sleeve length 
of 4, and a total overall length of 30 
inches. Figure 45 shows the vertical 
patterns for ratios of radiator-length to 
sleeve length of 4, 2, 1, and ¥Y, at a 
frequency of 345 Mc. 


CONCLUSIONS 


Measured values of the resistance and 
reactance of cylindrical sleeve anten- 
nas, considering each of the independent 
parameters, have been presented in 
graphic form. The data presented in 
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this manner should prove of value in 
the design of specific cylindrical sleeve 
antennas, or, conversely, as an aid in 
the prediction of the electrical charac- 
teristics of a given physical design. 
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INTRODUCTION 


In fire fighting and damage control 
operations there is great need for a 
protective garment which will enable the 
wearer to enter flame- or steam-filled 
atmospheres to perform immediate res- 
cue or salvage operations in advance of 
extinguishing the fire or repairing the 
damage by conventional means. The 
need is particularly acute in the Navy 
for many reasons. Stores of inflammable 
liquids and ammunition carried on 
board Naval vessels create special haz- 
ards even under normal operating con- 
ditions; in combat, fires involving such 
materials are frequent. Aircraft opera- 
tions are hazardous enough on land; 
chances of crashes are multiplied when 
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the landing field is the deck of a moving 
carrier. The use of steam at extremely 
high pressures has increased operational 
efficiencies manyfold, but has also in- 
creased the possibility of ruptured steam 
lines, and danger to personnel when 
breaks do occur. Add to these hazards 
the fact that space limitations aboard 
vessels make fire fighting and damage 
control operations especially difficult, 
and it is easy to visualize the value of 
a protective suit which will make it 
possible for the fire fighter to enter the 
emergency area without delay, even if 
for only a short period. Speed in closing 
steam or fuel-line valves, or in securing 
hatches, may represent the difference 
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between salvage and loss of a vessel; 
the value of speed in the rescue of per- 
sonnel trapped in blazing aircraft or 
ships’ compartments needs no emphasis. 

The Navy has long recognized the 
usefulness of such a protective garment, 
and, as a means of partially satisfying 
the need, currently issues an asbestos 
suit to its fire fighters.1 This suit was 
originally designed as an anti-flash gar- 
ment and consists of a zippered cover- 
all, incorporating gloves, shoes and hel- 
met, made of a single thickness of 
asbestos fabric of relatively open weave. 
To provide strength and durability the 
cotton content of the asbestos fabric is 
high, and cotton thread is used in the 
fabrication of the garment. Because it 
is comparatively thin, and because of 
the thermal conductivity of the asbestos 
fiber,* the insulating value of the suit 
is limited and it will not provide more 
than momentary protection from flame. 
Its cotton content increases its vulner- 
ability. Wetting the fabric increases the 
time required for the interior tempera- 
ture to exceed safe limits, but introduces 
the very real danger of scalding the 
wearer by the steam generated when the 
wet suit is heated. Obviously, the suit 
is not safe for use in an atmosphere in 
which steam is already present. While 
wearing the suit it is possible for the 
fire fighter to use the standard Oxygen 
Breathing Apparatus,’ and so equipped 
he may enter atmospheres deficient in 
oxygen, or in which toxic gases may be 
present. However, the O. B. A. must 
be worn outside the garment, and its 
combustible parts still further limit the 
exposure which’ the combination will 
withstand. 

The limitations of the present suits 
are perhaps best. indicated by certain 
statements and precautions which are 
included in official manuals. The Naval 
Manual on Structural Fire Fighting,” 
for example, states that: “Their use is 
objected to by some fire fighters, owing 
to the false sense of security which they 


engender. However, there are undoubt- 
edly occasions when their use—with 
proper precautions—may be advanta- 
geous. A word of caution: Ordinary 
clothing worn under such suits will be 
ignited by the intense heat if the wearer 
remains more than a very brief period 
in flames. Moreover, when using the 
suit, it should either be kept dry or well 
soaked, as small amounts of water may 
cause steam burns.” Similarly, the Bu- 
reau of Ships’ Fire Fighting Manual * 
states, in part: “While asbestos will not 
burn, it will char and conduct heat. And 
therefore the asbestos suit affords pro- 
tection against flames for very brief 
periods only. The length of time that 
the suit can be worn depends upon con- 
ditions under which it is used. Com- 
plete clothing should be worn under the 
suit to provide additional body protec- 
tion. Furthermore, if the suit becomes 
wet, as would be more than likely in fire 
fighting, the wearer might be scalded, 
unless he withdrew from the heated area 
before the water turned to steam. Con- 
tinued wetting would keep the wearer 
cool, but this procedure is seldom ad- 
visable, in view of the fact that the suit 
would become water-soaked, and reduce 
the wearer’s freedom of movement, al- 
ready restricted by the cumbersome suit. 
For these reasons, the uses of an asbestos 
suit in fire fighting are limited.” 

Emphasis on the limitation of the 
asbestos suit, and the thorough training 
of personnel in Fire Fighters’ Schools, 
has been effective in preventing Naval 
casualties. However, several instances 
of serious injury to civilian fire fighters 
wearing the suits have been reported. 
In at least one case the fireman wore a 
suit into flaming gasoline floating on 
the surface of a pool of water in the 
course of a demonstration. As would be 
expected, the blazing liquid immedi- 
ately penetrated the asbestos fabric, and 
the wearer received burns which were 
so severe as to endanger his life. 

In spite of its deficiencies, the need is 


* “Wool has only one-third the heat conductivity of asbestos.’’ 3 
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so great that the suit has become a most 
useful item of fire-fighting equipment. 
As the Bureau of Ships’ Manual further 
states: “Notwithstanding its limitations, 
the asbestos suit is invaluable in certain 
situations. With it on, a fire fighter can 
move quickly through flames to effect a 
rescue, or for some other urgent task 
that can be accomplished quickly, one 
that would not be possible otherwise.” 

Recognizing the need, and the defi- 
ciencies of the best available equipment, 
the Bureau of Ships authorized the de- 
velopment of an improved fire fighters’ 
suit at the Industrial Test Laboratory 
of the Philadelphia Naval Shipyard. 
Two major objectives for the project 
were stated: first, the development of 
an improved fabric or combination of 
iabrics to protect against heat and to be 
impermeable to water and other vapors ; 
and, second, to design a garment which 
would make most effective use of the 


improved material. The most desirable 
fabric was defined as:one which would, 
when made into a garment: 


1. Maintain an interior temperature 
of less than 130° F. for the long- 
est possible time when exposed to 
exterior temperatures approaching 
that of flaming gasoline; 

2. be relatively comfortable ; and 

3. permit a fair degree of mobility to 
the wearer. 


At the risk of being repetitious, it 
should be emphasized that it was in no 
way the purpose of the project to de- 
velop a garment which would replace 
the waterproof clothing ordinarily worn 
by the fire fighter while extinguishing 
fires, but, rather, one which would be 
used only in an emergency, permitting 
the performance of urgent tasks under 
the most extreme conditions of expo- 
sure. 


PRELIMINARY STUDIES 


As a first approach, the problem was 
studied by the Laboratory to define more 
precisely the exposure conditions pre- 
scribed by the Bureau of Ships, and to 
establish tentative requirements which 
a fabric, or combination of fabrics, 
should meet in order to be considered 
tor the application. The Bureau had 
specified that the suit must be capable 
of withstanding “exterior temperatures 
approaching that of flaming gasoline.” 
Temperature measurements were made 
in actual gasoline fires in simulated 
ships’ compartments at the Fire Fight- 
ers’ School of the Naval Damage Con- 
trol Training Center. These were found 
to appoach 2000° F. in some instances ; 
2000° F., therefore, appeared to repre- 
sent a reasonable maximum temperature 
which the suit would be required to 
withstand. 

The companion requirement, that the 
suit should maintain an interior tem- 
perature of less than 130° F. for the 
longest possible time, is much less defi- 
nite. It is immediately apparent that the 


time required for the interior tempera- 
ture to reach this limit is a function of 
the insulating value of the suit material 
and of its thickness. The phrase “for 
the longest possible time” thus implies 
a compromise with the further require- 
ment that the suit permit an acceptable 
degree of mobility to the wearer, since 
the insulating value is a constant for a 
given material and the time may only 
be increased by increasing the thickness 
(and consequently the bulk and weight) 
of the suit. On this basis it appeared 
that the only practical aprpoach was to 
select the best possible material, to de- 
sign a suit to make the most effective 
use of its properties, and, finally, to 
conduct practical trials of the completed 
garment to determine the exposure time 
permissible in the garment. 

The additional requirements, that the 
suit be impermeable to steam and that 
it be relatively comfortable, need little 
discussion, except to point out that they 
are also in some measure contradictory. 
A suit which will not permit steam to. 
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enter will necessarily tend to be uncom- 
fortable, since it will prevent the evap- 
oration of perspiration ,and the discom- 
fort will be increased, especially in warm 
weather, by the insulation needed to 
protect against high temperatures. 

Based upon the study of all of these 
factors, tentative requirements for an 
acceptable material were proposed. 
These were as follows: 


1. The fabric, or combination of fab- 


rics, must be capable of withstand- 
ing a temperature of 2000° F., on 
its exterior surface at least. 

2. It must be high in insulating value. 

3. It must be flexible and compara- 
tively light in weight. 

4. It must be impermeable to vapors. 

5. It must be capable of fabrication 
into a garment by sewing or other 
practicable means. 


SELECTION OF MATERIALS 


With these requirements established 
it was immediately apparent that no 
single fabric was likely to combine all 
of the desired properties. The greatest 
hope of success appeared to lie in find- 
ing or developing a combination, each 
member of which should satisfy one or 
more of the requirements. It was postu- 
lated that this combination should con- 
sist of at least four layers, as follows: 
(1) an outer cover of strong, abrasion- 
and heat-resistant fabric; (2) a layer, 
or layers, of material having high ther- 
mal insulating value; (3) a vapor bar- 
rier, such as a coated fabric; and (4) a 
lining providing additional mechanical 
strength and contributing to the comfort 
of the wearer. 

During the course of the investigation 
a great many materials have been con- 
sidered for possible application in the 
suit. Most of these were discarded with- 
out actual test. In this category were 
flameproofed organic fabrics, such as 
fire-resistant cotton duck, proposed for 
use as a cover material. Such materials 
were eliminated in the belief that the 
exposure conditions prescribed were so 
severe as to be met only by completely 


incombustible inorganic fibers such as 


glass and asbestos. 

In the final selection, a simple screen- 
ing test, developed by the Laboratory, 
proved useful. In brief, this consisted 
in mounting a 6- by 8%-inch specimen 
of the composite fabric in the one open 
side of a small rectangular sheet-steel 
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chamber, 6 by 8% by 4 inches in size. 
The chamber was insulated with 44-inch 
thick fibrous glass to prevent heat loss, 
and was provided with openings for the 
introduction of thermometers by which 
the temperature of ‘the air within the 
chamber and on the inner surface of 
the fabric could be measured. The ex- 
terior surface of the fabric was exposed, 
through a 2-inch spacing sleeve, either 
to the open door of a muffle furnace 
maintained at any desired temperature 
(usually 1800° F.), or to an auxiliary 
chamber filled with saturated steam. 
Provision was made for a spray tube to 
be inserted through holes in the spacing 
sleeve so that water could be directed 
along the entire upper portion of the 
test fabric. Heat transfer through the 
fabric combination was determined by 
frequent readings of the two thermom- 
eters; comparative evaluation of two 
fabrics was based on the relative time 
required for the interior temperature 
to reach 130° F. in each case. This 
relatively crude test proved useful, not 
only in the selection of materials, but 
also in determining the best arrange- 
ment for those in the combination. 

As indicated, fabrics composed of 
flame-proofed organic fibers were elim- 
inated from consideration as cover ma- 
terials without test, since, although they 
will not burn, they decompose and dis- 
integrate at temperatures far below the 
prescribed 2000° F. Strictly speaking, 
on this basis glass and asbestos fabrics 
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should also have been eliminated, since 
they lose strength and become brittle 
when exposed for any length of time to 
temperatures above 1000° F. However, 
discarding these would have left only 
metallic fabrics, most of which are rela- 
tively stiff, high in heat conductivity, 
and poor in flex resistance. For this 
reason glass and asbestos were retained, 
with the expectation that in actual serv- 
ice a single exposure to the most severe 
conditions might render the suit unfit 
for further use. Both glass and asbestos 
fabrics have been tried in actual suits. 
Asbestos is better in durability, but is 
heavier, absorbs more water when 
wetted, and presents a rougher appear- 
ance. 

For thermal insulation, felted batts of 
glass, asbestos or rock wool appeared 
most promising. Reflective barriers such 
as aluminum foil were also considered. 
Among the felts, superfine fibrous glass 
acoustical insulation was found most 
effective. This is readily available com- 
mercially and has several advantages in 
addition to its excellent insulating value. 
It is provided with a silicone-resin- 
water-repellent treatment, which pre- 
vents absorption of large quantities of 
water in case the suit is wetted down in 
service, and the fiber is so fine as to cause 
no skin irritation, which is a problem 
with all other fibers considered. Two lay- 
ers of this material, in 1-inch nominal 
thickness, combined with a layer of alu- 
minum foil, were found in the laboratory 
to give better performance than any 
other combination of equivalent thick- 
ness. Subsequent trials in an actual gar- 
ment have, however, demonstrated that 
the foil is impracticable for use, since 


it disintegrates rapidly in service. For 
this reason, two layers of fibrous glass 
only were the final selection. 

As a vapor barrier a lightweight glass 
cloth coated with neoprene was selected. 
This material leaves much to be desired, 
since the neoprene coating, although 
non-inflammable, is decomposed by heat. 
This is important, since in the labora- 
tory screening tests exposure to steam 
demonstrated that the most effective 
location for the barrier was immediately 
beneath the outer cover, as far as pos- 
sible from the body. However, no better 
material has been found, and therefore, 
as a further compromise, the barrier has 
been given some protection by locating 
it between the two layers of fibrous 
glass insulation. 

A white woolen flannel was selected 
for use as a lining. This material is also 
combustible, although not highly in- 
flammable. However, it is not exposed 
to direct heat at any point, and, indeed, 
if it became so hot as to ignite, the 
wearer would be in danger whatever 
the type of lining. It provides some 
additional insulation and absorbs per- 
spiration, contributing in this way to 
the comfort of the wearer. 

The combination of fabrics finally 
selected was, then, as follows: 

1. An outer cover, consisting of 

either glass or asbestos cloth. 

2. A layer of l-inch fibrous glass 

insulation. 

3. A vapor barrier of lightweight 

neoprene-coated glass fabric. 

4. A second layer of 1-inch fibrous 

glass insulation. 

5. An inner lining of woolen flannel. 


DESIGN AND CONSTRUCTION OF THE FIRE FIGHTERS’ SUITS 


After the fabric combination had been 
decided upon, the limited available 
literature was studied, and experienced 
fire fighters were consulted to determine 
the defects of the current asbestos suits 
and improvements desirable in any new 
design. In this phase, as in the subse- 


quent service trials, the advice and ac- 
tive cooperation provided by personnel 
of the Naval Damage Control Training 
Center, and in particular those of the 
Fire Fighters’ School, proved invalu- 
able. In the early discussion it soon be- 
came apparent that the one-piece con- 
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struction of the standard garment was 
not suited to the new materials, nor to 
the service requirements for the new 
suit. The vapor barrier included in the 
new material made the provision of an 
enclosed air supply obligatory; if this 
were to be the Oxygen Breathing Ap- 
paratus, as seemed most logical since 
this device is a standard item of Naval 
fire fighting equipment, this must be 
wholly enclosed within the suit to pro- 
tect its vulnerable rubber parts from the 
intense heat. This would be difficult, if 
not impossible, in a one-piece garment. 
Zippered openings, as used in the for- 


mer suit, could not be tolerated in a_ 


garment designed to be impermeable to 
vapors, and the zippers themselves 
would be difficult to protect from flames. 
On the other hand, attached gloves and 
shoes, a feature of the asbestos suit, 
were considered desirable in any new 
garment. 

Following these discussions, a pre- 
liminary design for the suit was drawn 
by the Laboratory, and a suit was con- 
structed at the Shipyard Sail Loft. This 
first model was constructed of the com- 
bination of fabrics previously described, 
with an additional layer of aluminum 
toil placed between the outer layer of 
insulation and the vapor barrier. It was 
critically examined and worn by per- 
sonnel of the Laboratory and of the 
Fire School to evaluate its weight, com- 
fort and general utility. Finally, the suit 
was worn briefly in an actual fire by 
the Officer-in-Charge of the Fire 
School. In this manner a number of 
deficiencies were found, among them 
the tendency of the aluminum foil to 
disintegrate rapidly in use. The foil was 
omitted from subsequent suits, and a 
number of minor changes were made 
in the design, principally to allow 
greater freedom of motion to the 
wearer. In most of its essential features, 
however, the present design is similar 
to that first prepared. 

The present suit is composed of three 
separate units. The first of these is a 
bib-type overall, with attached shoes, 
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over which the standard Oxygen 
Breathing Apparatus is worn. The bib 
protects the wearer’s chest from the 
heat liberated by the canister of the 
O. B. A., and provides double protec- 
tion over the front of the body. Take- 
up straps of cotton webbing on each 
side permit adjustment to the wearer’s 
waist, and asbestos tape draw-strings 
are placed at the ankles to hold the shoes 
firmly in position. Draw-strings are ne- 
cessary at this point, since the suit is de- 
signed to be worn over the fire fighter’s 
normal clothing, including his regular 
shoes, and must be loose enough to be 
donned quickly by a wearer of .any 
ordinary size. The shoes are constructed 
of the same material as the rest of the 
garment, with an added outer sole of 
non-skid turret deck covering fabric. 
The latter is a cotton fabric, with a 
heavy flameproofing treatment, and pro- 
vides a durable, non-slip wearing sur- 
face. An adjustable harness of heavy 
cotton webbing, extending through the 
crotch, is built into the interior of the 
trousers, and terminates in a steel “dee” 
ring located between the shoulder blades. 
A wire braid, insulated by an asbestos 
cover, extends from this ring through 
slits in the jacket and hood to the out- 
side where a second ring is attached. 
This may be connected to a steel cable 
which serves as a life line. Figure 1 
shows a fire fighter dressed in the over- 
alls, with the O. B. A. in place. This 
photograph also shows the wire guards 
which have been added to the O. B. A. 
to prevent collapse of the rubber air 
sacks when worn under the jacket of 
the suit. 

The second unit of the suit is a 
parka-style jacket with gloves attached, 
shown in Figure 2. The parka is de- 
signed to fit snugly about the face-piece 
of the O. B. A. The jacket must be 
wide at the bottom in order to pass over 
the O. B. A., and a draw-string is 
placed at the lower hem to. close the 
wide opening at the waist once it is in 
place. Elastic wrist bands in the sleeves 
hold the gloves in position on the hands. 
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Figure 1.—Photograph of a fire fighter 
clothed in the trousers, with the Oxygen 
Breathing Apparatus in position. Note the 
attached shoes and the protective wire 
framework which has been added to the 
canister holder of the O.B.A. to prevent 
collapse of the rubber air sacks when worn 
under the jacket. 


The gloves are constructed in the form 
of mitts; separate fingers are almost 
impossible to fabricate from the bulky 
fabric combination without undue com- 
pression and consequent loss of insulat- 
ing value. The palms are faced with 
chrome-tanned cowhide. 

The final unit of the suit is the hood. 
Figures 3 and 4, photographs of a fire 
fighter completely dressed in the suit, 
show this in place. It has a skirt which 
extends down over the shoulders. When 
worn over the parka, the helmet thus 
doubles the protection over the most 
vulnerable portion of the body. A spe- 
cial heat-resistant glass known as “Vy- 
cor” provides vision. In the suit shown 
in the photograph a single panel of 
glass was used; the latest suit has two 
panels mounted side by side to give a 
wider field of view. It is proposed, in the 
future, to include a fiber skull guard of 
the ordinary “hard hat” type in the 
hood to provide additional head protec- 


Figure 2.—This picture shows the fire 
fighter with the parka-style jacket in place. 
Note that the Oxygen Breathing Appara- 
tus is completely enclosed and protected, 
except for the rubber face piece which is 
subsequently covered by the hood. 


Figure 3—Photograph of the fire fighter 

completely dressed in the suit. In later 

models, vision has been increased by mount- 

ing two sections of heat resistant glass 

vertically in the hood to replace the single, 
horizontal plate. 
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tion. Figure 4 also shows the insulated 
strap and ring to which the life line is 
attached. Since this photograph was 
taken the strap has been shortened so 
that only the ring appears on the out- 
side of the hood. 

In the fabrication of all units of the 
suit the felted fibrous glass insulation 
is held in place by loosely quilting the 
two layers and the vapor barrier ma- 
terial to the flannel lining. All seams 
are made as impermeable as possible 
by turning and covering with asbestos 
tape. The total weight of the entire 
outfit, including the O. B. A. is slightly 
over 40 pounds, varying to some extent 
depending upon the cover fabric used. 
Approximately 14 pounds of this total 
is contributed by the O. B. A. 

No accurate cost data are available, 
since no suits have been manufactured 
commercially. However, judging from 
experience gained at the Shipyard Sail 
Loft, it is estimated that the complete 


outfit can be produced in reasonable 
quantities at a cost of approximately 


$200.00. 


Figure 4.—Rear view of the fire fighter, 
completely dressed. In later models, the 
insulated strap which extends down the 
back has been shortened so that only the 
ring protrudes. The strap is connected on 
the inside to the built-in rescue harness, 
and the ring may be attached to a life line. 


SERVICE TRIALS 


Since the first prototype was con- 
structed, three additional suits have been 
manufactured. The first suit was given 
only a limited trial; the three additional 
suits have been tested under the most 
extreme conditions which it has been 
possible to devise. Two have been worn 
until, after repeated exposures, they 
were no longer serviceable. In this 
phase also, the advice and active co- 
operation of the Fire School personnel 
have been invaluable. 

The preliminary tests were quite sim- 
ple, and only involved donning the suits, 
with the Oxygen Breathing Apparatus, 
and wearing them for increasing periods 
of time with increasing physical activity. 
Both Laboratory and Fire School per- 
sonnel participated in these tests. No 
attempts were made at first to do more 
than wear the suits and become familiar 
with their characteristics ; later, activity 
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was increased until the wearers were 
able to climb ladders, to run, and to 
manipulate tools. 

Temperature measurements were made 
on the air which the wearer drew from 
the O. B. A., since the canister of this 
apparatus generates a great deal of 
heat which, it was feared, would not be 
readily dissipated when enclosed within 
the suit. The harness for attaching the 
life line was also tested at this stage by 
substituting tackle for the life line and 
lifting the wearer from the ground by 
this means. At this time also, limited 
tests were conducted to determine the 
length of time during which the suit 
might be worn without the O. B. A., 
with the wearer breathing only the air 
within the suit. 

The first trials served to familiarize 
personnel with the characteristics of the 
suits, and to overcome any claustro- 
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phobia which might be felt in donning 
them. They also demonstrated that the 
suits place some strain upon the inter- 
pretation of the word “relatively” in 
the requirement that they be relatively 
comfortable. As was expected, in hot 
weather they are not comfortable in any 
true sense of the word, and wearers 
perspire freely. However, the flannel lin- 
ing absorbs the perspiration, and the 
suits are probably as little uncomfort- 
able (to describe them more accurately ) 
as they can be made in consideration 
of the protection which they must pro- 
vide. Suits have been worn continu- 
ously for periods of 30 minutes in very 
hot weather, and this wearing has been 
repeated a number of times by the same 
subject on the same day without ill 
effects. The 30-minute time limit for a 
single wearing is set by the O. B. A., 
rather than by the suits, since this is the 
safe useful life of a canister of this de- 
vice when the wearer is exercising. 

On the positive side, these trials 
demonstrated that, although somewhat 
cumbersome, the suits are wearable and 
that. in a suit, the wearer can perform 


Figure 6.—Fire fighters running while 
wearing the new suits. 
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Figure 5.—Fully clothed fire fighters dem- 
onstrating the maneuverability of the suits 
by climbing ladders. 


any tasks which are likely to be re- 
quired of him. He can walk, run, climb 
ladders, handle hose lines, open and 
close valves, and use such tools as 
wrenches, axes, crowbars and the like. 
Figures 5 and 6 show fire fighters climb- 
ing ladders and running, respectively, 
while dressed in the suits. The Oxygen 
Breathing Apparatus functioned satis- 
factorily within the jacket, and the 
temperature of the inspired air was not 
significantly increased when the canister 
was so enclosed. In an extreme emer- 
gency, a fire fighter can even use the 
suit for as much as 3 or 4 minutes with- 
out the O. B. A., breathing only the 
air trapped within the hood. The rescue 
harness also performed as_ intended; 
Figure 7 shows a fire fighter freely sus- 
pended by it. 

After the subjects had become thor- 
oughly accustomed to the suits, actual 
service exposures were initiated. In all 
of these tests the suits were worn only 
by experienced fire fighters from the 
School. As in the previous tests, these 
exposures were of graduated severity, 
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starting with those which were rela- 
tively mild and culminating in the wear- 
ing of the suits in fires of high intensity. 

First among the trials was one in 
which the suits were worn in a steam- 
filled atmosphere. For this test all doors 
and bulkheads of the simulated engine- 
room compartment of one of the train- 
ing structures at the Fire School were 
closed, and saturated steam was admit- 
ted through three two-inch lines. The 
room was preheated for about 20 min- 
utes and the temperature rose to 185° F. 
in this time. Two fire fighters, clothed 
in the suits, then entered the compart- 
ment and remained inside for 10 min- 
utes, walking about and climbing up 
and down ladders. Neither subject, dur- 
ing this period, experienced more than 
a slight sensation of warmth, and this 
was confined to small areas of the body, 
as along the arms. 


Figure 7.—A fire fighter suspended by 
means of the rescue harness and life line 
attachment. 


The steam exposure was unspectacu- 
lar, but served to build confidence in 
the wearers, and demonstrated that at 
least one of the deficiencies of the pre- 
vious asbestos suit had been overcome. 


Figure 8.—Two fire fighters wearing suits enter a gasoline-spill fire. The shortened life 
line attachment can be seen in this photograph. 
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Figure 9.—A fire fighter emerging from a gasoline-spill fire. 


Low as the actual temperatures were, no 
experienced fire fighter would have con- 
sidered entering the steam-filled atmos- 
phere while wearing the former garment. 

The suits were next tried in flame. 
Fifteen gallons of gasoline were poured 
out on an open paved area and ignited. 
Two fire fighters were involved in the 
test, one wearing a suit which had been 
wetted down, the other wearing a dry 
suit. The first wearer entered the fire 
and walked back and forth through its 
center for approximately two minutes ; 
the second remained near the periphery 
of the area and operated a hose equipped 
with a fog-spray nozzle, with which he 
eventually extinguished the flames. 
Neither fire fighter experienced discom- 
fort in the suits, and the latter were un- 
damaged, although the heat was intense 
and flaming gasoline was picked up by 
the shoes and splashed upon the legs 
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of the wearers. Wetting down the first 
suit moderated the exposure somewhat, 
but provided additional evidence of the 
effectiveness of the vapor barrier, since 
the water was completely vaporized by 
the heat during the trial. 

Such fires have been repeated many 
times and with a number of variations. 
Figures 8, 9, and 10 are photographs 
of fire fighters entering and emerging 
from flames in three of them. Quantities 
of gasoline have been increased to as 
much as 100 gallons; dummies clothed 
in asbestos have been placed in the cen- 
ter for rescue by the fire fighters; and 
suits have been worn both wet and dry. 
In a recent demonstration, which was 
held by the Damage Control Training 
Center for interested Naval, Army, and 
civilian personnel and for the press, a 
scrapped airplane was placed in the cen- 
ter of a 100-gallon gasoline fire, and 
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fire fighters climbed upon the wing to 
rescue a dummy pilot from the blazing 
cockpit. The fires are always gratify- 
ingly spectacular, and the heat is so evi- 
dent to observers that the effectiveness 
of the suit is immediately apparent. 
Visual evidence of the intensity of the 
heat is provided by Figure 10, in which 
a fire fighter in ordinary clothing, man- 
ning the hose line, can be seen shielding 
his face. However, increasing the quan- 
tity of gasoline has not materially in- 
creased the severity of the exposure as 
far as the suits and their wearers are 
concerned; gasoline burns at approxi- 
mately the same temperature regardless 
of the quantity involved. The first test, 
therefore, demonstrated the effectiveness 
of the suit as well as those which followed, 
even though greater quantities of gaso- 
line have since been used. The principal 
value. of the subsequent demonstrations 
has been to provide information as to 


the durability of the suits in repeated 
wearings. 

Following the test in the gasoline- 
spill fire, the two fire fighters again 
wore the suits into the engine-room 
compartment which was used in the 
steam test. In this case, however, the 
compartment was flooded with a blazing 
mixture of gasoline and fuel oil, and the 
fire fighters walked over gratings above 
the flames. They remained in the space 
for approximately one minute. Although 
this test was less spectacular, the ex- 
posure is believed to be even more 
severe than that in the open, since the 
flames were confined and the fire fighters 
were required to walk above them. Tem- 
peratures, measured at several points 
within the space, were found to approach 
2000° F. This demonstration also has 
been repeated a number of times, with 
dummy rescues in several instances. 


DISCUSSION 


The most important characteristics of 
the new suits, which has been demon- 
strated in all of the service trials, is the 
high degree of protection which they 
provide. In only one of the many tests 
has the wearer reported more than a 
slight sensation of warmth. The single 
exception occurred in one of the gaso- 
line-spill fires, in which one fire fighter 
received a first-degree burn on a small 
area of his right leg while carrying a 
dummy from the flames: This may have 
resulted from his clutching the dummy, 
which had become saturated with gaso- 
line, tightly against his body, compres- 
sing the fabric with reduction of its in- 
sulating value. It has frequently been 
observed that there is a sensation of 
heat within the suit when the material 
is compressed, as when leaning against 
a hot object in a fire, or when sharply 
flexing a knee or an elbow. It is also 
possible that the insulation of this par- 
ticular suit, which had been worn in at 
least 15 previous trials, had become 
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thinned at points of flexure. Whatever 
the cause, the burn was minor, and the 
wearer, after changing his suit, was able 
to proceed with further trials on the 
same day. 

The maximum duration of any flame 
exposure has been approximately two 
minutes. In every test the exposure has 
been terminated before the wearer be- 
came uncomfortably warm, except for 
the case just mentioned, although the 
fire fighters have frequently stated their 
willingness to remain longer in the 
flames. It is thus impossible to fix def- 
initely a safe time limit for wearing the 
suit. The limit is probably about three 
minutes for gasoline fires. Lower expo- 
sure temperatures will, of course, ex- 
tend this time. Three minutes is a rela- 
tively short period, but should be sufh- 
cient to rescue a victim trapped in a 
burning plane, or to perform many 
emergency tasks. If the job cannot be 
done in this time, it must await ex- 
tinguishment of the fire, or must be 
done in relays. 
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Figure 10.—In this photograph two fire fighters are simulating the rescue of a pilot 

from a crashed airplane. In actual practice, of course, a blanket of material similar to 

that of the suit would be needed to shield the victim from the fire. The fire was pro- 

duced by 100 gallons of gasoline. Note that the plane is completely obscured by the 

flames; the heat can be judged by the — in which the second hoseman is shielding 
is face. 


One gratifying result of the service 
trials has been to establish the fact that 
the suits have a much greater service 
life in fires than was anticipated. As 
was mentioned previously in the section 
devoted to the selection of materials, 
glass and asbestos fibers both lose 
strength and become brittle when ex- 
posed for any length of time at tempera- 
tures above 1000° F. For this reason 
they would not even have been con- 
sidered had suitable materials of greater 
heat resistance been available, and, be- 
cause of their deficiencies in this respect, 
it was expected that garments made 
from them might be rendered unfit for 
further use by a single exposure. How- 
ever, actual suits have been worn in 
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fires repeatedly, some for as many as 15 
times, without serious failure of the 
outer fabric. Embrittlement and loss of 
strength have occurred only in small 
areas where gasoline has burned di- 
rectly on the surface, or where heat has 
been concentrated by some other means. 
Even at such points the fabrics have re- 
tained sufficient strength to hold the in- 
sulation in place, so the security of the 
wearer is not endangered. The chrome 
leather facings for the gloves, and the 
treated cotton shoe soles have also 
proven to be surprisingly durable. The 
only apparent explanation for this for- 
tunate development is that there is a 
greater time lag than was anticipated, 
and that the fabric does not approach 
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the flame temperature in the actual time 
of its exposure. 

The time required to don the complete 
suit, including the Oxygen Breathing 
Apparatus, is between three and five 
minutes. This is somewhat high for a 
garment designed for use in emer- 
gencies. However, since a large part of 
this time, probably at least half, is re- 
quired to adjust and activate the 
O. B. A., it is not likely that it can be 
reduced greatly by refinements in de- 
sign of the suit. In regularly scheduled 
operations, such as landings and take- 
offs on board an aircraft carrier, the 
practical expedient would be to have fire 
fighters operating in relays, with at least 
one standing by fully dressed at all 
times. If this is not practicable, having 
the fire fighter partially dressed, wear- 
ing trousers and O. B. A., but with the 
face piece of the latter dropped, might 
serve the purpose. However, there ap- 
pears to be no immediate answer for the 
emergency which cannot be anticipated. 

The best recommendation which can 
be made for the new suit and the ade- 
quacy with which it fulfills a real need, 
is the enthusiasm with which it has been 
adopted by experienced fire fighters. 
Personnel of the Damage Control Train- 
ing Center, and in particular of the 
Fire Fighters’ School, have been its 
most ardent champions from its incep- 


tion. The latter have not only spoken 
in its favor; they have repeatedly risked 
their own lives in demonstrating its 
performance. Indeed, their enthusiasm 
has been a source of concern to those of 
the Laboratory staff who have stood by 
during the many fire tests. It has often 
been difficult to restrain the fire fighters 
from prolonging the exposures unduly 
and to keep them from taking unneces- 
sary risks. This enthusiasm has been 
shared to a considerable degree by civil- 
ian fire fighters since the public demon- 
trations previously mentioned, and nu- 
merous inquiries have been received as 
to when the suits will be available com- 
mercially. The demonstration, which 
was reported in the daily press, news- 
reels, and “Life” magazine, was in it- 
self an indication of the fire-fighters’ at- 
titude, since it was wholly conceived and 
executed by the Damage Control Train- 
ing Center in an effort to publicize the 
suit and speed its acceptance. With this 
attitude on the part of practical fire 
fighters, the Industrial Test Laboratory 
feels that, although the suit may be 
improved by further development work 
now underway, the major objective has 
been achieved, and that the Navy has 
available to it a suit which is practical, 
usable, and which far surpasses in per- 
formance any previous equipment of 
this type. 
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Oblique of the LCI 435. 
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During the early part of May 1943 
the U.S.S. Absecon (AVP-23), operat- 
ing off the mouth of the St. Johns 
River, Florida, grounded momentarily 
on a submerged hulk. Upon a dry dock 
inspection immediately following the ac- 
cident it was found that the shell plat- 
ing between the keel and the starboard 
bilge in the vicinity of the engine room 
had been crushed up into the fuel and 
water tanks, some of the longitudinals 
and transverse members had been bent, 
torn, and distorted to the point of de- 
flecting the:tank top under the starboard 
inboard engine foundation. The corre- 
sponding deflection of the engine founda- 
tion had moved the engine up and out- 
board. 

The main propulsion plant of this 
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vessel consists of four ten-cylinder op- 
posed piston Fairbanks-Morse diesel en- 
gines, each pair coupled to one shaft 
through oil clutches and reduction gears. 
As mentioned above it was the inboard 
engine of the starboard pair that was 
directly above the damage to the outer 
shell plating. From readings of a crank- 
shaft strain gauge between the webs of 
the crankshaft at number ten crankpin 
before and after coupling the engine, it 
was apparent that a serious misalign- 
ment of this engine existed. Upon check- 
ing the engine to reduction gear coupling 
after uncoupling it was found that the 
whole engine had been moved outboard 
.030 inch, and except for a slight up- 
ward movement, was otherwise within 
tolerance limits. 
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To put this engine again in alignment 
with the reduction gear and shafting 
meant either removing all 48 body bound 
bolts, reaming for oversize bolts and 
spotwelding all the new steel chocks in 
place after the long, expensive operation 
ot hand fitting, milling, filing, blueing 
and dressing to size with feeler gauges 
or rigging jacks at about six places 
along both sides of the engine founda- 
tion and jacking the whole foundation 
together with the engine back into 
place and true alignment. The writer 
proposed the jacking method for three 
reasons as follows: First, it would save 
precious time; second, it would effect 
a large saving in cost; third, previous 
experience of a similar nature. 

At a conference consisting of the As- 
sistant Industrial Manager, 6th Naval 
District, Jacksonville, Florida, the 
Commanding Officer and the Engineer 
Officer of the vessel, representatives 
from the Merrill-Stevens Dry Dock & 
Repair Co., Jacksonville, Florida, the 
engine manufacturer’s local engineer, 
and myself, called to determine and act 
upon the best method of realigning this 
engine it was brought out that the jack- 
ing method of realignment of an engine 
had never been heard of before. How- 
ever, in view of the fact that it would 
take not less than fifteen days and nights 
to disconnect and raise the engine. make 
new chocks and body-bound bolts, re- 
align engine and connect up in running 
order against one day and night for the 
proposed jacking method it was decided 
to first try the jacking even though a 
majority of those present were of the 
opinion that permanent alignment could 
not be maintained by this method. 

So upon orders to proceed with the 
jacking method a start was made at 
1600 Saturday, May 22, 1943. 

The sketch shows the location of 
the jacks and blocking as disposed 
between the foundation members and 
also the new angle iron stiffener welded 
to the inboard brackets after alignment 
was accomplished. 


By 2200 Saturday night everything 
was in readiness for the operation. On 
Sunday morning, 23rd of May, dial 
indicators were placed on the misaligned 
couplings and the strain gauge was 
again set up between number ten crank- 
pin webs on the crankshaft. 


By 1000 all was in readiness for a 
test strain on the jacks. The first strain 
on the jacks resulted in moving the en- 
gine and foundation to within .008” of 
true alignment on a dial gauge reading 
of .022” +. Note that the original mis- 
alignment was .030”, so it must be as- 
sumed that placing the jacks and tak- 
ing them up hand tight in place had 
even with this small strain, moved the 
foundation from the original distortion 
of .030” to .022”, some of this move- 
ment may be attributed to a certain 
amount of natural stress relieving due 
to the act of cutting out damaged shell 
plating, repairing the damaged longi- 
tudinals and transverse members of the 
double bottom and testing the compart- 
ments below the foundation of the en- 
gine. When this first strain on the jacks 
was released the engine and foundation 
moved back to .010” thus making a net 
gain of .012”. 


(At this point arrangements were 
made to hold the engine in alignment if 
the jacks were able to move it inboard 
the full amount to true alignment while 
a thorough check was made of the foun- 
dation weldments to detect any possible 
fractures at the joints with the tank 
top.) 

This was done by clamping the new 
angle iron stiffener fore and aft along 
the outer edges of the inboard brackets 
of the foundation as shown on the ac- 
companying sketch. 


The jacks were again worked to move 
the engine foundation inboard to a point 
.004” beyond the required amount. To 
relieve the tension strains in the trans- 
verse members between the inboard and 
outboard engine foundations caused by 
the pressure of the jacks, simultaneous 
pounding by large hammers was resorted 
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to on all six members hitting both sides 
of each steel member about ten solid 
blows each with two hammers pounding 
the same member at the same instant. 
This was equivalent to elongating the 
members and at the same time relieving 
internal tension strains. While the ham- 
mering was in progress the jacks were 
slacked off while a constant check was 
made on the dial indicators. During this 
time the inboard jacks were tightened 
up to hold the gain made by the out- 
board jacks and the hammering. The 
angle iron was then welded to each 
bracket to hold the gain. When the 
welds were cooled the three 25-ton screw 
jacks were then released from between 
the inboard brackets, leaving the engine 
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Section A-A Looking Forward 
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within allowable tolerance of alignment. 0920. 
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Final readings on the coupling flanges 
showed concentric within .006” 
parallel within .003” stub shaft thrust 
collar clearance .006”. 

Monday, May 24, 1943, checked align- 
ment of gear teeth in reduction gear 
case with blue and found same in per- 
fect alignment. Engine was then coupled 
up and strain gauges were checked on 
all crankshaft throws. 
strains were well within manufacturer’s 
tolerance limits. 

May 25, 1943. Warmed up all en- 
gines at 0831 to one-third speed. Leit 
the shipyard at 0831, arrived fuel oil 
dock at 0900, all engines working well, 
bearings cool at 95 r.p.m. on shafts and 
up to 130 r.p.m. in reverse, secured at 
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Started taking on fuel at 0935, left 
oil dock at 1345. Both sets of engines 
at 2/3 speed, 500 r.p.m., shafts at 195 
r.p.m. all bearings cool, arrived May- 
port, Florida Section Base 1545. 

May 26, 1943. Left Mayport May 26 
0400, all engines full speed, shafts 240 
r.p.m., 18 knots, cylinder temp. 600° F., 
engine bearings normal, seas mild. Eng. 
and Reduction gear bearings 105° F. 
Lube oil from engine 110° F. Off 
Charleston, S. C. Light 1315, arrived 
Charleston Navy Yard 1530. 

After engines were secured, the star- 
board inboard engine was again opened 
up and crankshaft strain gauge readings 
were taken, all readings showed strains 
well within the manufacturer’s allowable 
tolerances. 

You will notice that frequent mention 
is made of the main shaft bearings dur- 


ing this post repair trial. This was done 
to assure that no misalignment had 
occurred to any of the shaft bearings 
or bulkhead seals as a result of the bot- 
tom damage. 

The engine manufacturer’s representa- 
tive was on board all during the realign- 
ment of the engine and accompanied us 
to Charleston. He was well satisfied and 
agreeably surprised that everything 
worked out so well. 

The ship’s officers and the manage- 
ment and workers of the Merrill-Stevens 
Dry Dock Co. all cooperated whole- 
heartedly towards the success of this 
operation. Six months later all was re- 
ported well on the operation of this 
engine. 

To make a long story short we bent 
the engine foundation back to where it 
belonged. 
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PART TWO 


REPRINTED ARTICLES 


The articles contained in this Part Two represent those which, 
in the opinion of the editorial staff, are the most valuable which 
have been gleaned from recent issues of contemporary publications. 


This material was formerly published under the heading 
“NOTES”. It has been given somewhat more prominence and 
made more readable to enhance its value. The editors’ purpose 
here is to provide a convenient repository to readers of the 
JourNAL, for articles originally published elsewhere which con- 
tribute to the purpose of the Society: to further the advancement 
of naval engineering. 
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Official U. S. Navy Photograph 
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“Water Buffalo” Joined the Fleet during World War II. 
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“Water Buffalo” Joined the Fleet during World War II. 


BOILER DETERIORATION 


MARINE BOILER DETERIORATION 


Engineers for December 1949. 
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This article, by Dr. I. G. SLater, Director of Operational Research, Ad- 
miralty, and Mr. N. L. Parr, Senior Scientific Officer, R.N.S.S., surveys the 
several forms of boiler corrosion and deterioration encountered in Marine prac- 
tice. Several forms of the various phenomena are illustrated and basic principles 
discussed. The article appeared in the Journal of the Institution of Mechanical 


INTRODUCTION 


During the 1939-45 war, a full oppor- 
tunity was made available to study in- 
stances of boiler corrosion and deterio- 
ration which occurred in His Majesty’s 
ships while they operated under adverse 
conditions. In marine boilers, adverse 
factors seldom encountered in normal 
land practice are commonplace. The sea 
permeates relentlessly every nook and 
cranny inboard. To maintain the purity 
of boiler feed water is a difficult task, 
and it is to the credit of the marine 
engineer that the troubles of boiler 
operation and maintenance have been 
so far overcome. In addition, circum- 
stances have dictated the rapid adop- 
tion of many new modifications and 
designs in boilers, most often with the 
view to increasing performance per unit 
weight, to improve flexibility and to 
economize in ship’s space. 

Forms of corrosion and deterioration 
which may be encountered in marine 
boilers of both water-tube and fire-tube 
types have been classified in Table 1; 
a key to photographic illustrations of 
each form of corrosion or deterioration, 
and also a description of their respective 
characteristics and causes are given. 

The sections which follow discuss in 
appropriate detail each of the types of 
corrosion and deterioration noted, and 
outline certain experimental evidence 
which has been accumulated in an at- 
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Fig. 1. Marine Water-Tube Boiler, Admiralty Yarrow Type 
A Steam drum. G Superheater header. 
B Water drums. H Superheater tubes. 
C Generator tubes. J Main steam line. 
D Downcomers. K Oil burners. 
E Saturated steam pipe. _ L Furnace. 
F Corrugated expansion pipe. M Uptake. 


tempt to elucidate the more fundamental 
factors involved. An Admiralty pattern 
boiler is shown in Fig. 1. Published 
work in the field of corrosion has been 
freely drawn upon in describing the 
various phenomena involved, and the 
authors are particularly indebted to the 
monumental contributions of Dr. U. R. 
Evans and his associates at Cambridge 
University. 
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1. Forms or Boiter 


Classification Appearance of corrosion Usual location ! Cause Fie 
hemiapherial pis, often | | Mainly on the roof of steam and | Liberated. air bubbles attaching} 3 
water drums, but likely to be, themselves to metal surfaces,| 4 
{ Air bubble pitting perenscadnesicitomg pony when found on any pe es in con- ud initiating anodic attack 
tact with water, where air by the generation of 
of | bubbles may collect. lectrolyt: 
ferric hydroxide! | 
localized pitting covered by | la hotter areas of heating surfaces | Use of untreated impure boiler | 6 50 
a scab of ee black mag- So ae products are water containing dissolved salts | 7 51 
netic iron wi fi and rapidly consoli- gases in comparativel: 
—Prrixc 4 Scab pitting removed by wire brushes dated into a hard scab by the| small concentrations so that p 
| heat. This possibly the main! of water lies between 48 and 
| form erioration ¢n-| 9-4. 
| count | 
salen covered | In superheater tubes and headers | of salts by priming in 
with caps of ly hard cor-| and in main steam lines. superheaters, main steam | 10 
Soft scab pitting agg usually | » followed by condensation 
tuegnetic iron xide covered the boiler is shut down, 
= a red dehydrated | rerulting in the formatian 
| droplets of electrolyte and the 
| ! — of a pit by differential 
A general reduct ral reduction in tube wall Fairly evenly distributed over over "Use. of acid feed water. 12 
over | surtaces with a tendency 
Tube wall thinning coe areas, often without the ronounced in 14 
presence of blankets of cor- homer areas 
rosion products. } 
A circumferential band of cor- | Where stay bolts, stay tubes, and The influence of adjacent end| 15 
| rosion on tbe and —_ fire tubes enter end plates or plates on expansion and con-| 16 
stay bolts combustion chambers. traction, result in stresses 
Genera J Necking and | im Scotch boi which cause repeated localized 
WASTAGE | oes ' of protective films. 
1 ! [tomes reduc on on in n metal thick- Adjacent to non-ferrous boiler Use of dissimilar metals in con- a-| 17, 
eres, | mountings, in areas of non- tact (or at areas of non-uni uuni- | 33 
of steel composi- formity on the metal surfaces) | 
tion or at im surface presence of an 
Galvanic attack films trolyte, when nce in| 
potential will result in sacrificial | 
— _Gectsvlytic attack at the anode. | 
| Network o or series of cracks over In ‘boiler and superhester tu tubes | Irvegular circulation in tubes | 
| the water-side of tube surfaces. on the hottest side of the bores. causing frequencies of alter-| 20 
| It is most frequently found in nate over-heating and cooling} 21 
{In tubes | inkerently curved tubes or which induce pulsating thermal | 
| tubes which have been buckled fatigue stresses in the walls. | 
vice. is accelerated by} 
| residual stresses and a cor- 
| rosive environment. 
Fissures, usually difficult to detect ‘Commencing at the ar ardouring in Bending stresses due to lack 22 
due to covering of cor- tube plates and extending common neutral axis between | 25 
Bouse products; usually as- axially, eventually joining two tube and wrapper plate, and | 
Dereaiona-~} drums sociated with deep pitting or more holes excessive cold working due to! 
TION | initial rough hi opera- | 
} tion. Accelerated by thermal | 
stre corrosive environ- 
| } ment. 
| | ine Lines of cracks ¢ on n bores of of pipes. On the bores of — steam ape. Bending stresses “due to_move- V7 a 
| Lin main steam pipes especially in the base operation in | 
| | rugations. Presence of a corrosive environ- 
| 
| | Spontaneous cracking in boiler | Between tube holes in tube plate, Reduction of impac t_propertis | a 
components during _Secbing under rivet heads, round top by the combination of cold; 
| a —-Strain age embritue- | or cleaning operation: end of tubes adjacent to the work and a Spontaneous | 
ment rolling surtaces failure occurs at and be- | 
low room temperature. | 
| Fissures in boiler plates, etc. In bower plates, radiating a Joint ‘effect of a combination of "26 
| | and often connecting adjaci iform stressing, j 
j = Caustic embrittle- | rivet holes, joints, high concentration of caustic | 
| ment ete in the of a cata- 
| lyst at high tempers 
| Continuous layers sof ‘hard black fire row and super- Internal—poor ‘circulation re: 32 
| magnetic iron oxide scale. heater tubes; occurring 
| drums and headers. External— 
j (High temperature | on surfaces i@ contact with 
| oxidation H furnace g. 
| 
| "Longitudinal which | Hottest side of generator or super- Water starvation, resulting x 
H may or rot ron Ang associated heater tubes. over-heating with correspond-| 35 
' TEMPERATURES bursting occurs under working | 
| ; sure. | 
| Exverxac Cracking and spli ted In suy superheater tubes. ‘A combination of stress tue % 
Po High temperature | with layers of high temperature restricted expansion and -| 37 
TION | (Creep cracking oxide scale on tube surfaces. heating at temperatures 
H | Localized ate boiler metal | ‘Wherever soot collects, especialy Presence of sulphuric acid for formed | 2B 
= by | which can seen after where tubes enter lower drum: by action of moisnere (when) 20 
removal of soot Aa dong and shut down) on oxides of sul- 


phur present in the oil fuel soot. 


Pitting is by far the worst type of 
corrosion encountered on the water side 
of marine boilers, both for the fre- 
quency of its occurrence and its in- 


PITTING 


which contains dissolved oxygen and 
salts. 

A broad assessment of the rate and 
nature of corrosion occurring under 


tensely localized nature. Such corrosion 
occurs mainly in boiler water which 
has a pH value between 6 and 9 and 
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boiler operating conditions on steel 
surfaces when in contact with boiler 
water over a range of pH values is 


RATE OF CORROSIVE ATTACK 
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Fig. 2. Relationship between Corrosion of Stecl and 
Condition of Boiler Water 


9 to 


shown in Fig. 2, from which it can be 
seen that isolated pitting may be antic- 
ipated even in waters with a pH value 
of 9.4. Pitting is also the main form 
of corrosion in slightly acid water, but 
the pits become more and more profuse 
with increasing acidity until they grad- 
ually merge, as general wastage. 

The initiation and development of a 
pit on steel surfaces when in contact 
with boiler waters (in the range slightly 
acid to slightly alkaline) is directly asso- 
ciated with the instability of surface 
films. These films comprise a_ semi- 
porous cap of corrosion products which 
forms over areas being attacked, and 
which permits the free passage of ions 
but restricts the ingress of oxygen. 
Such corrosion can be described as a 
stage midway between general attack in 
acid waters and complete inhibition. It 
develops as a result of electrochemical 
action involving a difference in poten- 
tial between existing surface coatings 
and patches of bare exposed metal, with 
sacrificial anodic attack of the latter. 
The rate of corrosive attack is propor- 
tional to the magnitude of current which 
flows, which in turn depends upon rela- 
tive surface area of the anode and 
cathode, nature of the electrolyte, tem- 
perature, rate of supply of oxygen to 
depolarizing cathodic areas, and other 
factors. The characteristics of estab- 
lished pits, such as position, rate of de- 
velopment, nature and appearance of cor- 
rosion products, etc., depend upon the 
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conditions existing in the various sec- 
tions of a boiler, and the main types 
encountered in marine boilers may be 
classified under three headings :— 

“Air bubble” pitting, which is that 
associated with oxygen bubbles ad- 
hering to the metal surfaces under 
stagnant conditions. 

“Scab” pitting, which occurs in the 
hotter areas of generating surfaces, 
and is always associated with hard 
caps of corrosion products which have 
been described as “‘scabs.” 

“Soft scab” pitting in which the cap 
of corrosion products is somewhat 
softer and redder in nature. This type 
of pitting occurs mainly in drums, 
superheater tubes, headers, main 
steam pipes and on any such surfaces 
which are not submerged in water 
during idle periods. 

Air Bubble Pitting. During idle peri- 
ods when the boiler stands filled or 
partially filled with cold water, a sub- 
stantial amount of air may find its way 
into the water. Solubility decreases 
rapidly with rise in temperature, and 
thus, consequent on small daily fluctua- 
tions in room temperature, conditions 
may result in air being thrown out of 
solution to collect as bubbles on the 
metal surface. These bubbles attach 
themselves to the adjacent metal sur- 
faces throughout the entire boiler below 
the water level. At some areas, such as 
the roofs of water drums, etc., there 
may be a greater concentration of bub- 
bles than elsewhere. Furthermore, when 
prolonged non-steaming periods are 
anticipated, it is the general practice to 
fill the idle boiler completely with water, 
and this extends the surfaces liable to 
suffer from this form of deterioration. 
Typical examples of air bubble pitting 
existing on a range of water surfaces 
are given in Figs. 3 and 4. 

Where such bubble attachment has 
occurred, a potential difference will 
exist on the metal surface between the 
oxygen rich areas under the bubble and 
the surrounding areas in contact with 
water which will be less rich in oxygen. 
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Fig. 3—Soft Caps of Red ‘ion Oxide sur- 
mounting “Air Bubble” Pitting on 
Internal Fittings in a Steam Drum. 


As a result of the electric current which 
then flows, a ring of corrosion will 


occur in the areas lower in oxygen con- ' 


tent (anodic areas) surrounding the 
bubble. Corrosion products which form 
tend to build up over the surfaces of 
the bubble by capillary attraction, thus 
completely isolating it from the sur- 
rounding water. A diagrammatical rep- 
resentation of the initial and final 


(a) 


stages in the development of this type 
of corrosion pitting is outlined in Fig. 5. 

As the electrolytic reaction proceeds 
and the cap of corrosion product around 
the bubble thickens, oxygen inside the 
bubble is used up in converting the cor- 
rosion products into their fully oxidized 
state, leaving inert nitrogen inside thé 
developing pit. Thus a stage is finally 
reached where the entire amount of oxy- 
gen under the cap of corrosion products 
is used up. The polarity of the small 
electric cell is then reversed, the area 
around the bubble becoming cathodic 
and that beneath the bubble anodic, cor- 
rosive attack proceeding below the cap 
as long as it remains intact. This cap 
of corrosion products has to be sufh- 
ciently porous to allow the passage of 
ions, but oxygen impoverishment exists 
below, owing to the immediate utiliza- 
tion of any ingressing oxygen in oxidiz- 
ing corrosion products immediately un- 
der the cap. Thus once a bubble of oxy- 
gen has attached itself to the metal 
surface, corrosion will be initiated and 
will proceed irrespective of any subse- 


(6) 


Fig. 4—The Result of “Air Bubble” Pitting. (a) The Roof of a Steam Drum. (b) The 
Bore of a Tube 
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Fig. 5. Two Stages in the Formation of an Air Bubble Pit 


quent changes, until the boiler is emp- 
tied and dried, causing the collapse of 
the cap of corrosion products, which 
will be found to consist of an outer layer 
of soft red iron oxide (Fe,O,), with an 
inner core of powdery black, magnetic 
iron oxide (ferroso-ferric oxide, Fe,O,) 
which fills the pit. 

This form of deterioration is not so 
serious when it occurs on drums, owing 
to the thickness of metal and accessi- 
bility for cleaning. Where, however, it 
occurs on boiler tubes, it may be very 
serious and has been known to consti- 
tute up to 30 per cent penetration in one 
stagnant period of two weeks’ duration. 
Moreover, it may initiate scab pitting on 
generator tubes if subsequent boiler 
water treatment is not employed. In 
some cases, examination suggests that 
the corrosion nodule is broken up by 
turbulence during subsequent steaming 
periods. Observations suggest that cor- 
rosion need not necessarily recommence 
over an existing broken nodule, but if 
possible it is best to brush away such 
corrosion products before refilling the 
boiler. The application of a layer of 
graphite on the drums appears to assist 
in immunizing from this form of attack, 
but this procedure is not to be advised 
on surfaces transmitting heat at higher 
tates owing to the possibility of localized 
breakdown with subsequent concentrated 
attack at the bare steel thus exposed. 
The only way to ensure complete free- 
dom from this form of deterioration 
apart from completely emptying the 


plant and keeping it dry with the aid of 
heaters or dehumidifiers, is to exclude 
all oxygen from stagnant boilers. This 
may be achieved by adding a small 
amount of sodium sulphite (which will 
react with the remaining free oxygen) 
to the boiler water which is already 
treated with boiler compound. 

“Scab” Pitting. A more virulent type 
of pitting may occur on the hotter areas 
of generating surfaces such as the hotter 
side of fire row tubes in a water-tube 
boiler. A hard, firmly adhering, bluish- 
black, scaly scab of corrosion products 
is formed over the developing pit which, 
once formed, may rapidly lead to the 
complete penetration of the tube wall. 
Examples of this form of deterioration 
are given in Figs. 6 and 7. A typical 
scab removed intact from a boiler tube 
is shown in Fig. 30, and comprises layers 
of hard, black, magnetic iron oxide in 


Fig. 6.—“Scab” Pitting on the Bore of a 
Generator Tube. In the lower illus- 
tration the hard scaly scabs have 
been removed by pickling to expose 
deep hemispherical pits. 
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Fig. 7—Massive “Scab” Pitting on the 
Water Side of a Fire Tube. 


contact with the base of the pit, sur- 
mounted with a cap of red iron oxide 
which exudes beads of ferric chloride 
when dry. 

The mechanism, and the precise con- 
ditions suitable for the initiation, of 
scab pitting are not, as yet, clearly 
understood. Initiation of this attack may 
involve oxygen bubbles, non-homogen- 
eity of boiler tube steels, cracks in the 
oxide scale, or stress concentrations, 
but localized breakdown of semi-stable 
protective surface films is undoubtedly 
the predominating cause, which has 
already been shown to be a function 
of the composition of the boiler water. 
It has already been shown that below 
pH 6, protective films are completely 
unstable, and between pH 6 and 9.6 
they are only partially stable, and it is 
in waters coming in this latter category 


that this form of deterioration most 
BOILING WATER CONTARUNG 
—- — TRACES OF DISSOLVED SALTS- ) — 
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frequently presents itself. Scab pitting 
is also invariably associated with the 
use of boiler water contaminated with 
moderate amounts of dissolved salts, 
e.g. up to 140 parts per million, which 
hinder the formation of stable protec- 
tive films and which greatly increase 
the conductivity of the water as an elec- 
trolyte. In marine practice, such con- 
tamination is due to chlorides from the 
sea-water which has found its way into 
the feed water, but similar scabbing has 
been noted in land practice as a result 
of contamination by other salts such as 
sulphates. 

A probable mechanism of scab pitting 
involves the initiation of anodic attack 
on the metal surfaces by one of the fac- 
tors noted above, which will then pro- 
ceed favorably in the presence of the 
salt-contaminated boiler water. This is 
illustrated diagrammatically in Fig. 8. 
As the pit develops under the anodic 
surface, alkali is formed at the cathode 
(i.e. in areas surrounding the pit) as 
a result of the accumulation of hydroxyl 
(OH) ions. This alkali will tend to 
stabilize oxide films surrounding the 
pit, and by spreading laterally may stifle 
attack at any other incipient anodic point 
in the vicinity. Thus the distribution of 
centers of initial attack may be to alter 
with time, some persisting, and others 
disappearing, until the position is more 
or less stabilized, and well defined pits 
are established. Where the boiler water 
contains significant traces of sea-water, 
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Fig. 8. Two Stages in the Development of a Scab Pit 
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both the anodic and cathodic products 
of electrolysis, ferrous chloride and 
sodium hydroxide respectively, are solu- 
ble, and will react to form an insoluble 
cap of ferrous hydroxide over the point 
of attack—a product identical with that 
noted in air bubble pitting. As hard scab 
pitting is always confined to areas of 
high heat transfer, it is evident that 
the hotter conditions prevailing cause 
the cap of corrosion products to compact 
and harden. The electrolytic cell set up 
under the scab will proceed to function 
so long as oxygen is available in the 
boiler water to depolarize the hydrogen 
diffusing outwards through the scab. As 
the scab thickens and hardens, so the 
pits become more established and _local- 
ized, and more tenacious to the tube 
walls. The rate of attack may be in- 
creased with the higher temperatures 
involved, since the conductivity of the 
electrolyte increases with temperature. 
The result is an ever-deepening pit 
which has a non-selective penetration 
into the structure of the metal, as illus- 
trated in Fig. 38. It is always filled with 
compacted layers of iron compounds in 
a reduced state, which are so hard as to 
defy all mechanical attempts at disrup- 
tion by normal cleaning methods. Ulti- 
mately perforation takes place, either by 
leakage or splitting across the base of 
the pits as illustrated in Figs. 50 and 51. 

It is conceivable that, in addition to 
the anodic attack, acid corrosion of the 
hydrogen evolution type may proceed 
under the scab, as a result of the forma- 
tion of free hydrogen chloride by de- 
composition of any entrapped magne- 
sium chloride at temperatures above 180 
deg. C. (356 deg. F.). 

In order to halt the attack when once 
started, it is necessary to remove the 
hard scab of corrosion products to ex- 
pose bare metal in the pit, and then to 
re-form a protective film over the entire 
surface. Drying out the boiler may be 
of some limited value, and some scabs 
may flake away when tubes are sub- 
jected to thermal fluctuations with con- 
sequent expansion and contraction. The 
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more usual tube cleaning operations, 
using power-driven wire brushes, fail 
to break away many scabs, and the only 
certain method is by acid pickling. This 
latter method is, however, fraught with 
many incidental problems, and if not 
carried out with laboratory precision 
max lead to even more virulent corrosive 
conditions, consequent on only partial 
removal of corrosion products and in- 
complete neutralization of residual acid. 
Experience has indicated that scab 
pitting can be initiated during a rela- 
tively short period of boiler operation 
with significantly contaminated feed, 
and in the absence of a boiler water 
treatment to give the water a definite 
degree of residual alkalinity. This at- 
tack will continue during subsequent 
steaming periods even though the degree 
of contamination is extremely slight. 
However, by giving the boiler water a 
definite positive alkalinity and maintain- 
ing a pH value of 10.0-11.0, corrosive 
attack is completely inhibited by making 
surface films both stable and self-healing 
should rupture occur by mechanical or 
other means. The nature of such films 
depends to some extent on the composi- 
tion of the boiler compound used for 
the chemical treatment, and are usually 
a mixture of ferroso-ferric oxide and 
metallic phosphates. Further, it has been 
observed that in many instances this 
treatment modifies the physical nature 
of the cap of corrosion products, ulti- 
mately causing it to disintegrate and 
fall away. If, when this occurs, the 
composition of the water is such as to 
promote the formation of stable protec- 
tive films, corrosion will cease and com- 
plete freedom from it will be obtained. 
“Soft Scab” Pitting. The visual ap- 
pearance of this form of attack, as may 
be seen in Figs. 9 and 10, is reasonably 
similar to that discussed in the previous 
section, except that the cap of corrosion 
products is much softer and contains a 
higher proportion of red iron oxide 
(Fe,O,). It occurs mainly in super- 
heater headers, superheater tubes, main 
steam piping, and on any steel com- 
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Fig. 9—Large “Soft Scab” Pits on the 
Bore of a Superheater Tube. 


ponents above the water line in the 
boiler liable to come in contact with 
water which has primed from the boiler. 

When such priming occurs (usually 
as a result of high total dissolved solids 
in the boiler water), the water deposited 
will evaporate, leaving salts on the sur- 
faces concerned. Under humid condi- 
tions, such as will exist when the boiler 
is shut down, droplets of condensate 
may form on these metal surfaces and 
will then dissolve any salts in their 
immediate vicinity, producing small 
droplets of quite concentrated electro- 
lyte. This will give rise to intense local 
attack at favorably disposed areas, the 
sequence of development being some- 
what similar to that previously discussed. 
The initial and final stages in the de- 
velopment of a soft scab pit are illus- 
trated diagrammatically in Fig. 11, from 
which it can be seen that electrolytic at- 
tack is initiated by a difference in poten- 
tial between the inside and outside of 
the droplet consequent on an oxygen 
content gradient. Subsequently, corro- 
sion products forming at an intermediate 
position produce a semi-permeable mem- 
brane and establish the corrosion cell. 
Final products of electrolysis comprise 
black ferroso-ferric oxide (Fe,O,) on 
the inside and fully oxidized ferric oxide 
(Fe,O,) on the outside. Subsequent 


GENERAL 


General internal wasting describes 
corrosive attack of a more uniform na- 
ture rather than selective local attack 
by pitting. Reduction in metal thickness 
occasionally may be evident over com- 
paratively large areas, and the three most 


Fig. 10—Profuse “Soft Scab” Pitting on 

the Bore of a Superheater Tube. 
steaming will dry out moisture from the 
corrosion cap and further oxidize the 
iron compounds present to the “red 
rust” (Fe,O,) condition; this is a fre- 
quent characteristic observed in super- 
heater tubes where operation has been 
intermittent. 

Once this type of deterioration has 
been established, it may recontinue when- 
ever the boiler is shut down and con- 
densation takes place. Droplets of salt- 
contaminated water primed from the 
boiler may reach areas some distance 
away, and attack of the type noted has 
been found on maneuvering valves, tur- 
bine blading, etc. In order to be free 
from this form of corrosion it is neces- 
sary either to fill with correctly treated 
water components liable to be affected, 
or, on running down the boiler, to en- 
sure complete dryness by the provision 
of a form of dehumidification. 

REACTION BETWEEN ALKALI AND 
FERROUS SALTS FORMING AN 
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Fig. 11. Formation of a Soft Scab Pit 


WASTAGE 


common forms of attack are: (1) Thin- 
ning of tube wall. (2) Necking and 
grooving by circumferential bands of 
wastage around tubes or stays in cyl- 
indrical boilers, where they enter boiler 
plates. (3) Galvanic attack by dissimilar 
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metals in contact or at surface irregu- 
larities. 

These forms of attack are described 
and discussed in more detail in the fol- 
lowing sections. 

Thinning. When untreated boiler 
water is contaminated with sea-water, it 
tends to become slightly acid in nature 
(under boiler operating conditions ) 
possibly as a result of the partial de- 
composition of the salts present, and in 
particular of magnesium chloride. Addi- 
tionally, dissolved carbon dioxide re- 
sults in acidity. The relationship between 
the pH of water, the oxygen content, 
and the type and rate of corrosion, has 
already been discussed, and has been 
shown diagrammatically in Fig. 2, from 
which it can be seen that below a pH 
value of 5.0, corrosive attack is no 
longer selective but general. 

Such corrosion of steel in acid solu- 
tions proceeds in an even and non- 
selective manner, by virtue of the fact 
that the resulting corrosion products 
are soluble, or do not form obstructive 
or protective films at the metal surface. 
At pH values below 5.0 metal wastage 
proceeds in the absence of oxygen, and 
is of the hydrogen evolution type. The 
rate of attack depends on a number of 
factors, including the degree of acidity 
of the water, temperature, and the nature 
of the surface being attacked. Addition- 
ally, it is possible that local isolated 


pockets of acid water may exist under 
blankets of corrosion products or de- 
posits as a result of the decomposition 
of entrapped magnesium chloride, which 
will then cause localized acid attack 
even when the bulk of the boiler water 
may be neutral or alkaline. The presence 
of dissolved oxygen in the boiler water 
increases. both the rate and range in 
which acid corrosion will occur. 

Consequent on the sporadic rupture 
of unstable surface films in water of a 
pH value between 5.0 and 6.0, sites of 
attack change before any point of anodic 
attack has proceeded long enough to de- 
velop a local pit. As a result of boiler 
water continually tending to become 
slightly alkaline by the continuous for- 
mation of ferrous hydroxide, conditions 
liable to result in this form of deterio- 
ration are seldom encountered, but on 
occasions, mainly due to fortuitous sea- 
water contamination, general even wast- 
age has taken place. Such an example 
is illustrated in Figs. 12 and 13, an ex- 
ample of this form of deterioration oc- 
curring under heavy deposits is given 
in Fig. 14. 

Necking and Grooving. This type of 
corrosion, which is a special case of 
general wastage, occurs mainly in cyl- 
indrical boilers on smoke tubes, com- 
bustion chamber stays, or longitudinal 
stays where they enter boiler end plates. 
A typical example of necking occurring 


Fig. 12.—Blanket of Soft Loose Corrosion Products Surmounting “General Even Wast- 


age” of the Bore. 
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Fig. 13.—Reduction in Wall Thickness by 
“General Wastage.” 


on a fire tube where it enters the tube 
plate is shown in Fig. 15. Such wastage 
is confined to the end adjacent to the 
tube plates, and is undoubtedly due to 
the local flaking of protective films. At 
the tube ends, strains adequate to flake 
protective films on the tube surface are 
set up, consequent on expansion and 


Fig. 14—“General Even Wastage” Around 
a Tube End Under a Heavy Ac- 
cumulation of Sludge. 


contraction. Thus a circumferential band 
of bare metal is continually exposed to 
the boiler water. More or less intermit- 
tent attack will proceed at this area as 
the protective films successively break 
away, the amount of attack depending 
upon the relative corrosiveness of the 
boiler water. 


Fig. 15.—“Necking and Grooving” Immediately Adjacent to where a Smoke Tube 


Cylindrical Boiler Enters an End Plate. 
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Additional to this continued mechan- 
ical exfoliation of films at tube ends, 
localized corrosion may be observed at 
areas coincidental with the junction of 
the tubes and end plates, where mill- 
scale on new unpickled tubes has been 
flaked away by the rolling and expand- 
ing operation when tubes were fitted in 
the boiler. On very rare occasions, at- 
tack in the capillary between tubes and 
rolling surfaces results from the con- 
centration of salts, particularly magne- 
sium chloride, and their subsequent par- 
tial decomposition to acid, leading to 
localized acid corrosion of the hydro- 
gen evolution type. Such a case occur- 
ring at the edge of the rolling surface 
of a generator tube is illustrated in Fig. 
16, in a water-tube boiler where it 
emerges into the steam drum. 

As with thinning, wastage by ‘“neck- 
ing” and “grooving” is favored by the 
use of acid or nearly neutral boiler 
water. Such wastage is completely elim- 
inated if the boiler water is given a cor- 
rect alkalinity by chemical treatment. 

Galvanic Attack. Dissimilar metals in 
contact in the presence of an electrolyte 
produce a short-circuited cell in which 
the less noble metal forms the anode, 
with consequent wastage, and the more 
noble metal forms the cathode, which is 
unattacked. The intensity of the attack 
depends upon the current density at the 
anode, which is a function of the con- 
ductivity of the electrolyte, the sizes of 
anode and cathode, polarization at the 
anode and cathode, and the potential 
difference between the two metals on an 
open circuit. Conductivity of boiler 
water is greatly increased by the pres- 
ence of dissolved salts, and thus this 
form of deterioration will readily pro- 
ceed in boiler water containing small 
quantities of sea-water. If, however, the 
boiler water is sufficiently alkaline, polar- 
ization—particularly at the anode—is 
greatly increased owing to the forma- 


tion of stable protective films. The po- 


tential difference between various metals 
on an open circuit varies somewhat with 


Fig. 16.—“Grooving” Around Water-Tube 
Ends where they Emerge from 
the Rolling Surface into the 
Drum. 


the nature of the electrolyte in which 
they are immersed. In the case of the 
usual run of boiler waters, the following 
metals are set out in the order in which 
any metal is less noble (anodic) with 
respect to those which follow it: zinc, 
wrought iron, steel (cold worked), steel 
(normalized), brass, copper, gunmetal, 
monel metal, stainless steel, graphite. 
Steel is thus anodic to a number of 
other nobler metals which may be used 
for fittings in boilers. In general, how- 
ever, the area of steel is very large in 
comparison with that of the fittings, so 
that the current density at the steel is 
relatively small. Cases do occur where 
serious local galvanic attack is encoun- 
tered, and an example is given in Fig. 
17, which shows severe wastage in a 
tube end immediately adjacent to a stain- 
less steel nozzle inserted inside a gener- 
ator tube of a forced circulation boiler. 
In this instance, water treatment had 
been inconsistent, and it is appropriate 
to mention that subsequent laboratory 
experiments clearly demonstrated the 
value of a correctly maintained boiler 
water in inhibiting this galvanic attack. 
Galvanic attack can be used in a 
broader sense to describe corrosion 
which will occur by electric currents 
flowing as a result of irregularities in 
the metal surface. Perhaps the best illus- 
tration of this is when mill-scale exist- 
ing on the metal surfaces fractures to 
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Fig. 17—“Galvanic Attack” on the Bore of a Mild Steel Generator Tube Immediately 
Adjacent to where a Stainless Steel Nozzle had been Located in the Tube End. 


expose bare metal underneath, the less 
noble bare steel dissolving, often locally 
with the formation of a pit. A good ex- 
ample of this is illustrated in Fig. 53, 
which shows lines of corrosion along 
Luder’s lines on a tube wall, where 
strain has caused a thin surface film 
of iron oxide to fracture along planes of 
maximum stress. One particularly large 
pit has developed at the intersection of 
two of these lines of exposed metal. 
Other surface irregularities such as cold 
work, non-metallic inclusions, grease 
deposits, etc., each give rise to a poten- 
’ tial difference, and the generation of 
local electrochemical activity with the 
commencement of this type of corrosive 
attack. 

Cases are on record where galvanic 
attack on broken millscale surfaces of 
unpickled fire tubes, fitted in Scotch 
marine boilers, has proceeded with such 
rapidity that perforation has taken place 
in as short a space of time as two weeks. 
Quite often also, chains of pits have de- 
veloped along the top surface of smoke 
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tubes, as a result of galvanic attack 
under a layer of sludge which has been 
deposited between the tubes in zones 
where turbulence by steaming is at a 
minimum. 

The principle of galvanic attack has 
also been used for protecting steel sur- 
faces in boilers by sacrificial attack of 
less noble metal anodes, usually zinc 
slabs spaced throughout the boiler, but 
such protection has been found to be 
extremely local and it has been aban- 
doned for more positive methods. 

The foregoing refers principally to 
phenomena which take place at atmos- 
pheric temperatures and pressures, and 
hence which may occur when the boiler 
is cold. The significance of higher tem- 
peratures and pressures on galvanic at- 
tack are as yet less clearly understood, 
and it is probable that substantial modi- 
fications in the phenomena are involved. 
For example, it has recently been demon- 
strated that zinc may become cathodic 
to steel in certain waters at tempera- 
tures above 80 deg. C. (176 deg. F.). 
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CORROSION FATIGUE 


The significance of a corrosive envi- 
ronment in substantially modifying the 
normal fatigue limit of a material in air 
has been clearly demonstrated by many 
previous investigators. In a corrosive 
environment a true fatigue limit is never 
attained because at any stress, however 
small, fracture will ultimately occur. 
For practical purposes, a corrosion fa- 
tigue limit may be specified for a definite 
number of stress applications in a given 
corrosive environment, and curves ex- 
pressing the difference between the two 
phenomena for a range of stresses are 
given in Fig. 18. 

Many boiler components are subjected 
to stress fluctuations during the opera- 
tion of a boiler. In some cases these 
fluctuations may be frequent and severe, 
as in a generator tube where circulation 
may be defective. In other cases the 
fluctuations may be relatively infrequent 
and occur only when the boiler is heated 
up and cooled down. The influence of 
a corrosive environment (e.g. untreated 
boiler water) on the initiation and sub- 
sequent propagation of fatigue cracks 
involves the following possibilities :— 

1. The surface of the metal may be 

roughened by corrosive attack and 
so give rise to stress concentration 
effects which have a significant ad- 
verse effect on the fatigue limit. 

2. An extending crack will result in 

the continued breakdown of pro- 
tective films at its terminus and 
thus leave bare metal continuously 
open to further corrosive attack. 

3. More highly stressed areas are 

anodic to less highly stressed areas 
and attack is thus favored at the 
former. The terminus of a pit or 
crack coincides with a stress con- 
centration, and hence maximum 
corrosive attack is encouraged at 
such points. 

Corrosion fatigue fissures are char- 
acterized by the direct path which they 
take across the crystal structure of the 
material. They usually take the shortest 
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Fig. 18. Comparison between Fatigue and Corrosion 
Fatigue Curves for Mild Steel 


path through the component being’ 
stressed, and show no preference to pass 
around crystal boundaries. The broad- 
ness and shape of the fissures, and the 
rate of crack propagation, depend upon 
the magnitude and frequency of the 
stress application and the nature of the 
corrosive environment. For instance, 
under mildly corrosive conditions but 
with high frequency and a stress con- 
centration of fair magnitude, fissures 
may develop as hairline cracks. On the 
other hand, with a low stress concentra- 
tion and low frequency, a corrosion fa- 
tigue fissure may be so broad and filled 
with corrosion products that it more 
resembles a pit. Figs. 40 and 41, show 
typical corrosion fatigue fissures fre- 
quently found in boiler tubes, where 
both the frequency and the magnitude 
of stress concentration are compara- 
tively high. These can be compared with 
Fig. 39, which shows a corrosion fatigue 
fissure in a main steam pipe, where 
the stress frequency has been so small 
that the deterioration may be more 
aptly described as stress corrosion, 
which is a form of preferential corro- 
sive attack encouraged by a potential 
difference existing between stressed and 
unstressed areas. 

Corrosion Fatigue in Tubes. Corro- 
sion fatigue cracking may be found in 
almost all boiler components, but is most 
common in boiler and superheater tubes. 
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In boiler tubes, the stress frequency can 
be attributed to rapid changes in sur- 
face temperature along the bores, as a 
result of intermittent circulation. The 
cause of poor circulation in natural cir- 
culation boilers is a much discussed 
phenomenon, and involves correct dis- 
tribution of heat in the furnace through 
the tube bank, a complete separation of 
steam and water in the steam drum, and 
other factors involving the actual design 
of the boiler, which are beyond the 
scope of this paper. Laboratory experi- 
ments have shown, however, that in- 
termittent slugs of steam and water, 
passing along the boiler tube, will result 
in pulsating thermal skin stresses of 
sufficient magnitude to result in a net- 
work of tiny fatigue cracks developing 
on the bores. 

The rate of propagation of these 
cracks is usually slow, but where boiler 
tubes operating under these conditions 
are under the influence of additional ten- 
sile stresses the rate of crack develop- 
ment is correspondingly increased. Thus, 
tubes which are curved or buckled as 
a result of local restriction to expan- 
sion are the first to exhibit this form 
of deterioration, as a result of bending 
moments inducing skin tensile stresses 
along the bores. For this same reason, 
failures are often immediately adjacent 
to rolling surfaces where tube movement 
has induced tensile stresses of consider- 
able magnitude. This form of deteriora- 
tion is not entirely confined to gener- 
ator tubes, as some boiler designs are 
such that circulation in some of the 
downcomers (usually the first few rows) 
is extremely sluggish and may, due to 
violent changes in steaming rate, result 
in these latter tubes alternating as risers 
and downcomers. Examples of the pro- 
fuse nature of cracking which may be 
found on generator tubes under these 
conditions is shown in Fig. 19. 

The influence exerted by the nature of 
the generating surface on the produc- 
tion of steam bubbles is well known, 
and a generating surface corrugated by 
a large number of tiny cracks offers 
many nuclei for steam bubble genera- 
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Fig. 19—Network of “Corrosion Fatigue” 

Fissures on the Bore of a Generator Tube. 

Main Fissures are Circumferential, in a 
Network of Crazy Cracking. 


ing surface offered by fissures, may re- 
tion. This, together with the large heat- 
sult in violent liberation of steam bub- 
scribed as “crazy cracking.” 

bles, which will then add further to the 
bad circulation, and be a contributory 
cause to the development of corrosion 
fatigue cracks. 

The orientation of cracks over a tube 
surface is governed by the resultant of 
the stresses involved, to which the 
stresses imposed by the normal working 
pressure of the boiler will contribute. 
Thus, cracking may be circumferential. 
oblique, longitudinal or may occur at 
random in all directions. Inherent sur- 
face markings on the tube wall such as 
scratches, over-rolling scores, pits, etc., 
often act as stress raisers, and influence 
the position and rate of cracking. IIlus- 
trations of this are given in Figs. 20 
and 21, and incipient cracks radiating 
from the root of a manufacturing de- 
fect are revealed in the micro-section, 
illustrated in Fig. 54. When the crack- 
ing is completely at random it is de- 
scribed as “crazy cracking.” 


Fig. 20.—“Corrosion Fatigue” Cracks De- 
veloping from Spiral Scores along the Bore 
of a Generator Tube. 


stres: 
factu 
ment 
impo: 
such 

with 

very 

ampl 
is giv 
be n 
were 


4 
Cis 
j 
~ A 
tions 
speci 
desig 
ing i1 
metal] 
in th 
Co 
Anot 
to be 
steam 
Fig. 


BOILER DETERIORATION 


Fig. 21.—“Corrosion Fatigue” Fissures Ra- 
diating from the Base of Pits. 


A full understanding of the condi- 
tions resulting in the development of 
specific forms of cracking is useful to 
designers in indicating conditions exist- 
ing in a particular boiler, and frequently 
metallurgical evidence has contributed 
in this manner to boiler design. 

Corrosion Fatigue in Boiler Drum. 
Another source of corrosion fatigue is 
to be found in tube hole arborings of 
steam and water drums, where static 
stresses may be inherent from the manu- 
facturing operation and may be supple- 
mented to a small degree by stresses 
imposed during steaming. However, 
such deterioration is usually coupled 
with deep selective pitting, and is not 
very frequent in its occurrence. An ex- 
ample of such cracking in the arborings 
is given in Figs. 22 and 23, but it must 
be noticed in this case that the tubes 
were not entering the drum radially. 


Fig. 23.—Progressive Weakening of the 
Steam Drum by Repeated Attempts to 
Grind Away Developing Cracks. 


Fig. 22.—“Corrosion Fatigue” Fissures Be- 
tween Tube Holes in a Steam Drum, Re- 
vealed after Pickling the Section. 


and the combination of the original ma- 
chining operation in the arborings, cold 
work during tubing operations, and cor- 
rosive conditions during operation, all 
contributed to this failure. 

Corrosion Fatigue in Main Steam 
Lines. Steam lines also exhibit corro- 
sion fatigue cracking. An example is 
shown in Fig. 24, which illustrates a 
fissure in the base of a corrugation. In 
this case it is possible that original sur- 
face roughening exerted an influence on 
the subsequent development of corrosion 
fatigue fissures. Frequency of stress 
application in this component was ex- 
tremely small, and the fissures, one of 
which is illustrated in the photomicro- 
graph Fig. 39, had only penetrated to 
a small depth. 

Many other examples of corrosion 
fatigue cracking have been reported 
from a wide range of both marine and 


Fig. 24.—“Corrosion Fatigue” Fissures in 
the Base of a Corrugation in a Main Steam 
Pipe. 
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land installations. For instance, desuper- 
heaters are especially prone to this form 
of deterioration, as may be expected 
from the conditions under which they 
operate. Boiler components other than 
those enumerated frequently fail by cor- 
rosion fatigue cracking, and an individ- 
ual examination of each case usually 
brings to light conditions which have 


existed and which have accounted for 
this form of deterioration. 

Reduction to a minimum of corrosive 
conditions by water treatment will, of 
course, minimize this form of deteriora- 
tion, and indeed may, if the stresses im- 
posed are less than the fatigue limit of 
the material, result in its complete elim- 
ination. 


STRAIN AGE EMBRITTLEMENT 


Occasionally, boiler components have 
failed by spontaneous cracking, as a re- 
sult of shock. Rivet heads are perhaps 
most frequently affected in this manner, 
although boiler tubes have been known 
to fracture immediately above or below 
a drum during a cleaning or a detubing 
operation. An instance of the latter is 
illustrated in Fig. 25. This form of 
deterioration has been termed “strain 
age embrittlement,” and is directly con- 
nected with the reduction of impact 
properties of certain mild steels follow- 
ing cold work and aging. The joint 
effect is to reduce the impact proper- 
ties of the material to a very low value 
at room temperatures. At boiler operat- 
ing temperatures, however, the impact 
properties of such strain aged material 
are substantially higher, and thus failure 
seldom takes place under operating con- 
ditions. Surface irregularities offered 
by sharp pits, or grooves caused during 
the tube rolling operation, offer favor- 
able nuclei for the initiation of spon- 
taneous rupture of the brittle steel. 

Critical examination of a failed com- 
ponent frequently reveals conditions 
which have been responsible for induc- 
ing the cold work, as for example, the 
case of a failed tube end (Fig. 25,) 
which had been cold-worked by over- 
rolling, followed by repeated bending 
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Fig. 25—Fissure in a Generator Tube as 

a Result of Spontaneous Fracture (Follow- 

ing a Mild Shock) on “Strain Aged” 
Material. 


moments imposed immediately below the 
tube plate by tube movement during 
steaming periods. A small specimen re- 
moved from the affected area proved 
that the impact properties in this zone 
were very low at room temperatures. 
Repeated tubing and detubing opera- 
tions may induce cold work in the arbor- 
ings of tube plates, and although the 
stresses may be insufficient to result in 
spontaneous failing by cracking, they 
frequently encourage stress corrosion 
cracking. Annealing must be carried out 
in order completely to restore impact 
properties in the boiler component, but 
unfortunately strain age embrittlement 
gives no indication of its presence until 
spontaneous cracking has occurred. 
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CAUSTIC EMBRITTLEMENT 


Although considerable attention has 
been devoted by a number of investi- 
gators to the causes of this form of 
deterioration, and opinions still remain 
divided, its appearance in marine boilers 
employing distillate feed is fortunately 
extremely rare. When it does occur, its 
presence is more likely to be found in 
such components as boiler plates, riveted 
seams, and under rivet heads, than in 
boiler and superheater tubes. It is more 
common in boilers using chemically 
treated raw water, where conditions for 
its development are more likely to be 
found. Caustic embrittlement results 
from a combination of causes involving 
quality of steel, non-uniform static 
stresses, elevated temperature, a high 
concentration of caustic soda, and pos- 
sibly the presence of a catalyst such as 
sodium silicate. There are several schools 
of thought as to the relative importance 
of these influences. 

Certain conditions of boiler water 
composition result in free sodium hy- 
droxide being formed and concentrated 
in seams and crannies, mainly as a re- 
sult of the combined influence of capil- 
lary. attraction and evaporation. Under 
the influence of temperature, concen- 
trated caustic soda attacks stressed steel 
in an intergranular manner, possibly by 
hydrogen absorption. The rate of at- 
tack is accelerated with increase in 
temperature and stress concentration. 
An example of a fissure which developed 
as a result of caustic embrittlement is 
illustrated in Fig. 26, which shows a 
crack between riveted holes on a wrap- 
per plate. Cracks associated with this 
form of deterioration progress through 
the steel in an intercrystalline manner, 
an example of which is illustrated in 
Fig. 43. This intercrystalline character- 
istic (in the absence of evidence of 
overheating above 500 deg. C. or 932 
deg. F.) always distinguishes this form 
of deterioration from corrosion fatigue 
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Fig. 26.—‘“Caustic Embrittlement” Between 
Rivet Holes on a Wrapper Plate. 


cracking, which has been discussed in 
a preceding section. Where alternating 
stresses are also present, corrosion fa- 
tigue fissures and caustic embrittlement 
may combine to give failure, which 
would then be a combination of inter- 
and trans-crystalline cracks. Alterna- 
tively, the rate of caustic embrittlement 
cracking may be increased, but in this 
case it would appear that alternating 
stresses are of much less importance 
than a combined chemical action and 
static stress. 

It has been suggested that sodium 
silicate must be present as a catalyst 
before caustic embrittlement occurs, and 
work is still proceeding to establish the 
exact causes of this type of boiler fail- 
ure and to formulate inhibitive measures 
to prevent it. So far, however, it has 
not been possible consistently to repro- 
duce results. It has been claimed that 
this form of deterioration does not 
occur if a definite sulphate/hydroxide 
ratio is maintained. The benefit of cer- 
tain organic compounds for this purpose 
is also under investigation. Many data 
have already been published on the sub- 
ject, and it is not necessary to mention 
them in any greater detail here. “Caustic 
embrittlement” is perhaps the most 
widely discussed form of boiler deterio- 
ration, but in point of fact remains by 
far the most infrequent encountered in 
boilers using distillate feed. 
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DETERIORATION AT ELEVATED TEMPERATURES 


High Temperature Oxidation. In a 
general sense all types” of corrosion 
which have been described in the pre- 
ceding sections are a form of oxidation, 
since iron is converted into its oxide 
when corrosion takes place. The term 
“oxidation” can, however, be used in 
a more restricted sense, referring to the 
direct reaction between gaseous oxygen 
and iron which takes place at tempera- 
tures above 550 deg. C. (1022 deg. F.). 
This form of oxidation may thus be 
more aptly described as “high tempera- 
ture oxidation.” The reaction which 
takes place when iron is heated in a 
current of steam to produce ferroso- 
ferric oxide is so well known that it 
needs no description here, but the influ- 
ence of time and temperature on the 
rate of the reaction plays an important 
part in the deterioration of boiler com- 
ponents by reduction of tube wall thick- 
ness. Under normal conditions of heat 
transfer in generator and superheater 
tubes, temperatures are insufficiently 
high for direct oxidation to take place, 
but occasionally, as a result of fortui- 
tous circumstances, excessive tube wall 
temperatures occur with consequent de- 
terioration. Attendant on high tem- 
perature oxidation of tube walls are 
other forms of deterioration, such as 
bursting and the development of high 
temperature creep cracks. These latter 
phenomena are discussed in the follow- 
ing sections. 

The nature of the scale produced on 
generator surfaces by overheating often 
supplies evidence as to the conditions 
existing at the time of deterioration, and 
thus an understanding of the nature and 
rate of scale formation on steel surfaces, 
over a range of elevated temperatures, 
is valuable to the engineer. This sub- 
ject has received attention by many 
workers, and a great deal of published 
matter is available. Curves expressing 
the relationship between the rate of scale 
formation and time for a range of tem- 
peratures have been obtained experi- 
mentally on sections of boiler tube steel 
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and are given in Fig. 27. Another 
phenomenon which gives evidence of 
the conditions responsible for the de- 
velopment of high temperature iron 
oxide scale is the crystalline structure 
which is frequently exhibited on the 
outer surface. It has been observed that 
higher temperatures promote the growth 
of correspondingly larger surface crys- 
tals, and a visual examination often 
gives an indication of the temperatures 
which have been involved. 

High temperature scaling may occur 
in any parts of a boiler subjected to heat 
transfer, e.g. in generator tubes where 
water flow has beeri partially restricted. 
Some workers have shown that the rate 
of oxidation is slightly greater in air 
and carbon dioxide than in steam; thus 
it is often found that the layer of scale 
on the outside of the tube surfaces is 
thicker than its corresponding layer on 
the bore, even when taking into ac- 
count the fact that the outside surface 
temperature is a few degrees higher 
than the temperature of the bore. High 
temperature iron oxide scale is hard 
and black, and often appears as a series. 
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Fig. 29—Accumulation of Soot and Ash 
from Burnt Oil Fuel on Superheater Tubes. 


Fig. 31—Thick Red Insulating Blanket of 
“Hard Water” Scale which has Built Up 
on the Water Surface of a Fire Tube, and 


which has been Fractured to Expose Tube 
Below. 


of scaly layers, but might equally exist 
as one thick layer, depending upon con- 
ditions existing during its development. 

Where heat insulating scales from the 
feed water are allowed to build up on 
the steam generating surfaces, such as 
illustrated in Fig. 31, they stifle internal 
oxidation, but, by reducing the rate 
of heat transfer and thus increasing 
wall temperature, they encourage over- 
heating and high temperature scaling of 
the outside walls in contact with furnace 
gases. Occasionally, due to general water 
starvation throughout the entire boiler, 
the whole of a boiler may in some small 
degree be affected by high temperature 
oxidation, and indeed, in one case 
brought to the authors’ attention, water 
starvation was so complete that the iron 
steam reaction proceeded so vigorously 
that the reaction became exothermic. 
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Only after the whole incandescent area 
was copiously flooded with water, was 
the reaction stifled. Often, the presence 
of high temperature oxide scale in a par- 
ticular zone gives some indication of the 
heat distribution and water circulation 
in the boiler, and thus influences future 
modifications and improvements. 

High temperature oxidation is found 
most frequently in superheater tubes, 
which operate at higher temperatures 
than boiler tubes and therefore are more 
susceptible to overheating, especially 
where steam flow has been sluggish. 
Frequently, a gradual increase in scale 
thickness from the inlet to the outlet 
end of a superheater tube indicates a 
progressive rise in tube wall tempera- 
ture. On the other hand, local flame 
impingement, such as may occur around 
bends, gives a local area of high tem- 
perature scaling which may remain un- 
detected until perforation occurs. An 
example of this is illustrated in Figs. 
32 and 33. 

It must be remembered that once over- 
heating of a heating surface has taken 
place and a layer of scale has been 
formed, the rate of heat transfer across 
the section is reduced, with a corre- 
sponding rise in tube wall temperature, 
so that oxidation and scaling proceed 
more rapidly than ever. Another factor 
which influences the rate of scale forma- 
tion is the expansion of the layer of scale 
which accompanies oxidation, and the 
difference between its coefficient of 
linear expansion and that of the parent 
metal. This latter point, together with 
thermal stress liable to occur along the 
wall of a tube, and especially around 
bends, may cause layers of scale to flake 
away, and thus continually expose fresh 
overheated metal to oxidizing atmos- 
pheres with a consquent increased rate 
of deterioration. An example of this is 
illustrated in Fig. 32. Examination of 
the micro-structure of an oxidized tube 
frequently shows marked decarburiza- 
tion of the surfaces similar to that illus- 
trated in Fig. 45. 
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The precise assessment of boiler and 
superheater tube wall temperatures ex- 
isting in a fired boiler is a difficult mat- 
ter, and several methods are available 
to the engineer. The attachment of 
thermocouples to outside tube walls by 
“Jubilee” clips, brazing, peening, and 
other such methods have been found to 
give high results, mainly due to conduc- 
tion back along the overheated leads to 
the hot junction. A new method, at 
present being developed, consists of pass- 
ing the leads of a thermocouple through 
the tube wall by means of heat-resisting 
plug insulators. A composite hot junc- 
tion is then formed by the two arms of 
the couple touching the inner surface 
of the tube wall opposite to the insula- 
tors. This obviates inaccuracies due to 
conduction back along the leads to the 
hot junction, and detects small changes 
in wall temperature on the steam gene- 
rating surfaces. 

While it is appreciated that this form 
of pyrometer would not be easy to in- 
stall in a large number of representative 
points throughout a boiler, it could be 
used as a standard to assess the inac- 
curacy of simpler but more practical 
forms of tube wali temperature meas- 
urement over a wide range of operating 
conditions, which could then be dis- 
posed throughout the whole boiler. Up 
to the present, however, the engineer has 
had to rely on the more simple methods, 
the accuracy of which has often been 
questioned by the appearance of such 
forms of deterioration as high tempera- 
ture scaling. 

Distortion of boiler components often 
occurs alongside high temperature oxi- 
dation, but on the other hand this may 
develop at temperatures insufficiently 
high to cause scaling. In tubes, it usu- 
ally results from the tube bank not ex- 
panding uniformly, when local strain 
or creep may result in buckling and dis- 
tortion; an example of this is given in 
Fig. 52. While this form of deteriora- 
tion is not in itself serious, it frequently 
plays an important part in the failure 
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of tubes as a result of corrosion fatigue 
cracking. This arises from the fact that 
once a buckle has been formed, any 
further strain induces bending moments 
around the buckles with high tensile skin 
stresses on one side of the tube. This 
greatly accelerates the development of 
circumferential corrosion fatigue cracks, 
or, if temperatures are sufficiently high, 
causes exfoliation of developing layers 
of high temperature scale and the ex- 
posure of bare metal to oxidizing influ- 
ences. 

Some forms of superheater tube, espe- 
cially those which have supporting lugs 
between the saturated and superheated 
legs, frequently distort by curling, due 
to differential expansion which may not 
be fully accounted for in the design. As 
will be shown in later paragraphs, such 
distortion in superheater tubes fre- 
quently plays an important part in the 
development of another form of deterio- 
ration termed “high temperature creep 
cracking.” 

Bursts. When bursting occurs in 
boiler tubes, it may, almost without ex- 
ception, be traced to local or general 
water starvation, which has resulted in 
a rise in tube wall temperature. Causes 
of such starvation are many, and include 
abnormally low water levels, irregular 
distribution of hot gases in the furnaces 
causing faulty circulation, bad design, 
local flame impingement, foreign bodies 
left in the water drums, violent fluctua- 
tions in steaming rate and many other 
operational peculiarities which are out- 
side the scope of this paper. Character- 
istics of the bursts often give an indica- 
tion of conditions which have existed in 
the tube immediately prior to its failure. 
These include the actual dimensions of 
the burst, nature of scale surrounding 
the fissure, and the microstructure of 
the material at the edge of the fissure 
and in adjacent zones. In some cases a 
rise in tube wall temperature is conse- 
quent on a build up of heat insulating 
scale from impurities in the feed water, 
or an accumulation of corrosion product 


sludge, often loosely bound together by 
oil or grease. 

The actual mechanism of a burst is 
approximately as follows: water or 
steam starvation results in a progressive 
rise in tube wall temperature with a cor- 
responding reduction in mechanical 
properties. A point is eventually reached 
where stresses induced in the tube wall 
by the working pressure of the boiler 
exceed the elastic limit of the material, 
and bursting ultimately occurs. Where 
the rate of overheating is relatively 
slow, or is maintained at temperatures 
around 700 deg. C. (1292 deg. F.), 
considerable swelling of the tube takes 
place prior to the ultimate fracture, and 
this form of burst is characterized by 
the ballooned appearance and the feath- 
ered edges of the split such as is illus- 
trated in Fig. 34. Where, however, rises 
in temperature have been sudden up to 
abnormally high temperatures (900-1000 
deg. C.) (1652-1832 deg. F.) balloon- 
ing does not have time to take place 
before catastrophic splitting occurs. 
Such a case is shown in Fig. 35. 

Frequently, microscopical examination 
reveals the edges of a fracture to have 
a martensitic structure, thus giving a 
positive indication that tube wall tem- 
peratures were in excess of 900 deg. C. 
(1652 deg. F.) prior to the burst, which 
had been followed with drastic quench- 
ing of the edge of the fracture by the 
escaping water and steam. This se- 
quence will retain a characteristic mar- 
tensitic structure even in mild steel. A 
typical example of a coarse martensitic 
structure thus produced at the edge of 
a burst in a boiler tube is illustrated in 
Fig. 48. Micro-examination of adjacent 
areas will often give evidence as to the 
extent of overheating along a particular 
tube, but frequently it is necessary to 
examine the whole tube bank before the 
true cause of the overheating is deter- 
mined. Some intermediate structures 
often found adjacent to bursts are illus- 
trated in Figs. 46, 47, and 49, which 
should be compared with the micro- 
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Fig. 34—Burst in a Generator Tube Sub- 
sequent to Prolonged Wall Temperature 
of about 700 deg. C. (1292 deg. F.). 


Fig. 36.—Failure by “High Temperature 
Creep” Cracking foams a Superheater 
end. 


< 100 dia. 
Fig. 38.—Photomicrograph Iilustrating the 
Normal Non-selective Penetration of a Cor- 
rosion Pit into = —— of a Boiler 
u 


structure of average quality boiler tube 
steel illustrated in Fig. 44. 

Distortion of ferrite and _ pearlite 
microstructure in the immediate vicinity 
of the burst, such as is illustrated in Fig. 
55, frequently indicates failure after 
plastic deformation following prolonged 
elevated wall temperatures, but below 
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Fig. 35.—Burst which Occurred Spontane- 

ously as a Result of a Sudden Rise in 

Boiler Tube Wall Temperature up to 950 
deg. C. (1742 deg. F.). 


Fig. 37.—Perforation of a Superheater Tube 
in the Center of a Buckle as a Result of 
“High Temperature Creep.” 


200 dia. 
Fig. 39.—Broad Transcrystalline Corrosion 
Fatigue Fissure Filled with Corrosion Prod- 
ucts, Resulting from Low Frequency “Cor- 
rosion Fatigue.” 


700 deg. C. (1292 deg. F.), which is 
the lower recrystallization temperature 
for mild steel. Where the tube has been 
at an elevated temperature for consider- 
able periods prior to the burst, ultimate 
failure may be assisted by gradual weak- 
ening of the tube walls by the formation 
of high temperature scale, which in itself 
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x 100 dia. 

Fig. 40.—Transcrystalline “Corrosion Fa- 

tigue” Fissure resulting from High Fre- 
quency “Corrosion Fatigue.” 


X 100 dia. 
Fig. 42.—Intercrystalline “High Tempera- 
ture Creep Cracks” in a Superheater Tube 
Wall. Secondary cracking has taken place 
to the point of intercrystalline disintegration 


x 100 dia. 


Fig. 44.—Typical Microstructure of Low 
Carbon Boiler Tube Steel. 


is a bad thermal conductor, and thus 
promotes even higher tube wall tempera- 
ture. 

Splitting of Superheater Tubes by 
“High Temperature Creep Cracking.” 


Fig. 41—Typical Transcrystalline “Corro- 
sion Fatigue” “a in a Boiler Tube 
all. 


x 
Fig. 43.—Intercrystalline “Caustic Embrit- 
tlement” Fissures Penetrating a Boiler 
Plate. 


Fig. 45—Heavy Decarburization at the 
Surface of an Overheated Boiler Tube. 


While bursting is consequent on over- 
heating of boiler tubes, a similar type of 
failure encountered at high temperatures 
in superheater tubes occurs mainly as 
splitting. Cracking may follow overheat- 
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ing, with corresponding reduction in 
mechanical properties, to the point of 
swelling and failure by splitting under 
the normal working pressure of the 
boiler, but more frequently it terminates 
a period of plastic deformation under the 
influence of stress and temperature, a 
phenomenon known as “creep.” High 
temperature creep cracking is a form of 
intergranular weakness which is liable 
to be encountered in certain steels in- 
cluding low carbon steel. The tempera- 
ture at which this cracking takes place 
in a particular steel is termed its equi- 
cohesive temperature, and for mild steel 
is about 550 deg. C. (1022 deg. F.). At 
this temperature, and depending upon 
other inherent characteristics, such as 
grain size, composition of the metal, etc., 
the grain boundary material of the struc- 
ture becomes weaker than the aggregate, 
and thus, if in a state of stress, it fails 
by intergranular disintegration as is il- 
lustrated in Fig. 42. 

Although these cracks are similar in 
appearance to those formed by caustic 
embrittlement, they can be _ identified 
from them by virtue of the temperatures 
involved, which result in the develop- 
ment of layers of high temperature iron 
oxide scale both on the corresponding 
metal surfaces and within the crack 
themselves. This form of deterioration 
has frequently been found where a dif- 
ference in expansion has existed be- 
tween the saturated and superheated legs 
of a superheater element. If such a 
stress concentration coincides with over- 
heating, high temperature creep cracks 
develop, and ultimately constitute a 
penetration of the tube wall. Examples 
of this form of deterioration are illus- 
trated in Figs. 36 and 37. 

General Wastage by Damp Soot. Ac- 
cumulation of heavy deposits from the 
oil fuel on the fire side of boiler com- 
ponents are a common occurrence, and 
their effect in reducing boiler efficiency 
is well known. The nature and rate at 
which these deposits collect, and their 
preference for particular zones, depend 
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very largely upon the quality of the fuel 
and the design of the boiler. So much 
attention has been, and still is being, 
paid to this subject with regard to fuel 
economy, that consideration need only 
be given here to the effect that these 
deposits have on the deterioration of 
metallic surfaces with which they are in 
contact. 

Deposits on generator and superheater 
tubes have a shielding effect from the 
furnace gases, and thus in no way en- 
courage high temperature oxidation, but 
severe wastage is often found on steel 
surfaces beneath such deposits when 
these are allowed to remain and become 
damp during the periods when the boiler 
is not steaming. Consequently, steel sur- 
faces most likely to suffer from this form 
of deterioration are those which are 
not easily accessible for cleaning pur- 
poses. Typical examples may be found 
where water tubes enter water drums, 
and superheater tubes enter superheater 
headers, and an example. of a boiler tube 
which had been thinned to the point of 
perforation immediately above where it 
entered a water drum, by this form of 
deterioration, is illustrated in Fig. 28. 

The most virulent forms of oil fuel 
deposits encountered in marine boilers 
are agglomerations of metallic oxides, 
sulphates, and chlorides, loosely bound 
together with carbonaceous matter. 
They are a mixture of green, white, 
yellow, and black salts, and are fre- 
quently partially fused together. Free 
sulphuric acid may also be present in 
varying amounts up to two per cent. 
Fuel oils from certain sources are rich 
in organic vanadium salts which, on 
burning, form vanadium pentoxide, hav- 
ing a low fusing temperature. This oxide 
exerts considerable influence on the phy- 
sical properties of other components of 
the deposits, forming a eutectic of com- 
paratively low melting point which runs 
over the tube as a slag and is very 
difficult to remove. 

The presence of corrosive oil fuel 
deposits can be explained as follows :— 
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x 
Fig. 46.—Spheroidization of the Pearlite in 
a Superheater Tube Wall as a Result of 
Prolonged Heating at Temperatures just 
below 700 deg. C. (1292 deg. F.). 


< 100 dia. 
Fig. 48—Coarse Acicular Martensite Re- 
tained in a Low Carbon Steel Boiler Tube 
at the Edge of a Burst by Drastic Quench- 
ing from around 950 deg. C. (1742 deg. F.) 


Fuel oils may contain up to 1.5 per cent 
of sulphur which, when burnt, forms 
oxides of sulphur, some of which may 
be thrown down with the ash (mainly 
metallic oxides) and some unburnt hy- 
drocarbons. Perhaps the main source of 
ash in marine boilers is sea-water, which 
frequently finds its way into the fuel oil 
with which it forms an emulsion, thereby 
depositing large quantities of metallic 
sulphates and chlorides in the furnace. 
Ash then tends to collect in stagnant 
corners or pockets in the boiler, par- 
ticularly where there is reduced gas 
flow, such as between tubes and water 
drums towards the back of the tube 
bank, re-entrant corners, and blind pas- 
sages. An example of such an accumula- 
tion on superheater tubes is shown in 


X 100 dia. 

Fig. 47——Coarse Widmanstatten Structure 

Subsequent on Overheating Followed by 
Fairly Rapid Cooling. 


Fig. 49.—Troosto-Sorbite in Boiler Tube 
Steel Formed by Quenching between 750- 
850 deg. C. (1382-1562 deg. F.). 


Fig. 29. While the boiler is steaming, 
these accumulations are dry and inac- 
tive, but when the boiler is shut down, 
they absorb moisture as a result of the 
hygroscopic nature of some of the con- 
stituents. Dripping boiler components 
may substantially increase the moisture 
content, and it is not unusual to find 
free sulphurous or sulphuric acid being 
formed, which then trickles through de- 
posits and dissolves metal with which it 
comes in contact by normal acid cor- 
rosion of the hydrogen evolution type. 
Some free sulphuric acid will combine 
with the metallic oxides in the deposits 
to form a variety of metallic sulphates, 
e.g. sodium sulphate, nickel sulphate, 
calcium sulphate, iron sulphate, etc. 
These metallic sulphates are usually 
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Fig. 50.—‘Scab” Pitting which has De- 
veloped in a Boiler Tube Wall to the Point 
of Perforation. 


Fig. 52—Local Bulging and Distortion 
along a Boiler Tube Wail Resulting from 
Restriction to Expansion. 


Fig. 54.—Incipient Corrosion Fatigue Fis- 

sures which have Developed during Service 

from a Fold ina Tube Wall Formed During 
Tube Manufacture. 


hygroscopic and thus become acid in 
nature, thereby assisting in the corrosive 
attack on the adjacent steel. 

Corrosion will proceed as long as the 
boiler is idle and damp, but when in 
operation, the deposits are dried and at- 
tack is temporarily halted. Some oil 
fuels, depending upon their sources of 
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Fig. 51.—“Scab” Pit in a Boiler Tube Wall 

Constituting a Weak Zone which UIlti- 

mately Failed by Splitting at Elevated Tem- 
peratures. 


‘ 
Fig. 53—Lines of Corrosion where Planes 
of Maximum Compound Stress have Frac- 
tured Normally Protective Surface Films to 
Initiate Galvanic Attack at the Less Noble 
Bare Steel. 


Fig. 55.—Distortion of the Microstructure 
in the Vicinity of a Burst which Followed 
Considerable Plastic Deformation by Pro- 
longed Wall Temperatures of approxi- 
mately 650 deg. C. (1202 deg. F.). 


origin, deposit more sulphurous com- 
pounds than others, but they are always 
present in some measure, and it is for 
this reason that the systematic removal 
of accumulated oil fuel deposits should 
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be carried out at frequent intervals. 
Boiler design should include provision 
for ready accessibility of shielded areas, 
and much is being done in the develop- 
ment of water and steam lances, and 
soot blowers to facilitate cleaning. 

As an immediate means of minimizing 


this form of deterioration, attempts 
should be made to prevent the deposits 
becoming damp when the boiler is shut 
down, by giving continued attention to 
rain catchments, leaky tubes, and other 
sources whereby water gains access into 
the boiler furnace. 


CONCLUSIONS 


Deterioration in marine boilers is de- 
pendent in appropriate measure on a 
number of factors involving design, 
operation and, in particular, the control 
of water conditions when steaming and 
standing. Marine operation involves 
compact and often highly powered units 
where flexibility and irregular steaming 
intervals are the rule. Afloat, control of 
operating conditions and of boiler water 
lacks the more certain ease associated 
with that of the shore based power sta- 
tion. 

As regards internal (water side) cor- 
rosion, the authors are impressed by the 
fact that the initiation of the damage all 
too often is consequent on careless at- 
tention during idle periods between 
steaming, and the role of oxygen, gain- 
ing access to the boiler water in such 


periods, must be particularly empha- 
sized. External wastage is also a prod- 
uct of idle periods, and is further accen- 
tuated by inadequate soot blowing and 
cleaning. 

Table 1, which classifies and discusses 
the several forms of corrosion and de- 
terioration, is essentially a summary of 
the work now under discussion, and 
taken in conjunction with the several 
illustrations may be of some practical 
use to marine boiler designers and users 
as a ready guide to the subject. It will 
be noted that many forms of deteriora- 
tion involve design factors, and the re- 
sults of metallurgical investigations 
should provide substantial data from 
which modifications and improvements 
may be effected. 
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Navy Bureau 


The U.S. Navy Bureau of Aero- 
nautics long has recognized the poten- 
tialities of magnesium-base alloys in 
aeronautical construction, and has been 
one of the foremost advocates of its 
wider application in aircraft designs, 
consistent with the recognized advan- 
tages and limitations associated with 
this important material. From an over- 
all viewpoint, magnesium-base alloys 
have demonstrated their usefulness in 
naval aircraft in making possible attrac- 
tive weight savings, increased stiffness 
and rigidity, improved safety factor at 
no increase in weight over aluminum, 
and simplification of design for produc- 
tion. 

The use of magnesium alloys in Naval 
aviation dates back more than 20 years. 
By the early °30’s, magnesium alloys 
were already being used in engine cast- 
ings. These early applications were fol- 
lowed by industrial alloy improvement, 
Government evaluation, industry-Gov- 
ernment conferences on corrosion pre- 
vention and programs for development 
and testing of protective treatments and 
paint schemes. 


North American SNJ-2 Texan trainer 
No. 2008 has been under service test since 
1943. when magnesium-alloy outer wing 
panels were installed. Thirty-two sets of 
panels have accumulated up to 1800 hours 
flight time. 


Magnesium alloys have come a long 
way in the past two decades, and their 
utilization has reached a high degree 
of success. It appears, however, that 
a new phase in the application of mag- 
nesium is now being entered upon— 
a phase much broader and more im- 
portant, in which magnesium will serve 
as a basis for original and novel design, 
affording room for the maximum use- 
fulness of this material. 

One of the principal problems in- 
volved in connection with the extensive 
use of magnesium in naval aircraft has 
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been its susceptibility to salt-water cor- 
rosion. Accordingly, the earlier applica- 
tions of this material were concentrated 
in castings where exposure conditions 
were such as to minimize corrosion, and 
where parts were lightly stressed and 
readily available for inspection. 

Since the early days, however, the 
scope of application has been broadened 
considerably. Today, the approval of 
non-critical, non-structural applications 
of magnesium is routine. Other applica- 
tions involving primary structure re- 
quire more detailed study by BuAer 
from the standpoint of overall suit- 
ability, taking into account—in addition 
to the usual factors of strength, weight, 
stiffness and fatigue—such considera- 
tions as susceptibility to stress-corrosion 
cracking, susceptibility to corrosion in 
salt-air environments, toughness and 
ballistic properties and increased appli- 
cation time and weight of protective 
coatings. 

In designing for the use of magne- 
sium, attention should be given to good 
stress distribution, elimination of notches 
and sharp corners, abrupt changes in 
section, machine marks, and provisions 
for drainage to eliminate moisture 
pockets. In the fabrication of magne- 
sium-alloy sheet assemblies, the use of 
56S aluminum-alloy rivets is desirable. 
Spotwelding and fusion welding in 
inert gases are pref-rred to other weld- 
ing methods involving the use of fluxes. 
In the latter case the flux is required to 
be in accordance with BuAer specifica- 
tions. 


The present use of magnesium in 
naval planes, based on the above-men- 
tioned considerations as well as on ex- 
tensive laboratory and controlled serv- 
ice testing, has resulted in attractive 
weight savings and improved perform- 
ance characteristics. The applications 
now generally considered acceptable are 
_as follows: wheels, brakes, fairings, 
bomb-bay doors, wheel doors, bulkheads 
and partitions (excluding fire walls), 
miscellaneous cockpit panels, trailing 


edges, wing tips, furniture, cabin parts, 
fittings and similar accessories, miscel- 
laneous housings and covers, spacers, 
selected ducts, radio and electrical parts, 
panel stiffeners, air-induction system 
components, brackets, supports, con- 
tainers, map cases, a variety of engine 
parts (both jet and reciprocating), rud- 
der pedals and dive brakes. Cast-mag- 
nesium wheels are standard in naval air- 
craft with the exception of amphibious 
planes. 

In addition to the specific applica- 
tions mentioned above, the Bureau of 
Aeronautics has been active in testing 
entire assemblies made from magnesium 
alloys. Magnesium-alloy outer wing 
panels for the North American SNJ 
trainer have been under service test 
since 1943. More recently, extensive ap- 
plication of magnesium alloys has been 
made in experimental aircraft and car- 
ried over into the production model. 
The Chance Vought F7U is an example 
of this advanced type aircraft using 
magnesium extensively. 

Considerable use of magnesium has 
been made in highly-stressed applica- 
tions and, although the detailed con- 
struction is of the composite type— 
employing both aluminum and magne- 
sium in combination in many assemblies 
—the comparatively large amount of 
magnesium in the airplane serves as an 
indication of the possibilities in this 
direction. Other advance BuAer design 
considerations contemplate the use of 
thick skin, monocoque-type construction, 
which is believed to offer the optimum 
in structural advantage. This type of 
construction would find application in 
wing and fuselage assemblies. 

To demonstrate further the possibili- 
ties in this direction, construction of a 
fighter wing assembly has been started. 
This wing panel is being fabricated for 
static test purposes and expansion to a 
number of carrier-based aircraft is con- 
templated. 

Research and development in magne- 
sium alloys and familiarization with the 
handling and working of this material 
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Here are shown some of the forms in which magnesium is produced: bar and flat stock, 
angles, channels, beams, tubing and special extrusions. It is available also in sheet and 
other forms and for castings. 


has been largely responsible, as pre- 
viously noted, for the expanding utiliza- 
tion of magnesium. Progress would be 
accelerated significantly by the develop- 
ment of : 

1. Substantially stronger alloys, both 
at normal and elevated tempera- 
tures 

2. Alloys exhibiting improved corro- 
sion resistance, particularly under 
stress 

3. Alloys with greater toughness, less 

notch-sensitivity, and less tendency 
toward crack-propagation 

4. Alloys capable of being worked, 

cast or fabricated more easily. 

It is not meant to imply that present 

materials are deficient in these char- 
acteristics to a degree which reduces 
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their usefulness to a low order. To the 
contrary, the Bureau considers present 
alloys extremely useful and their defi- 
ciencies by no means prohibitive for a 
large number of important applications 
as previously listed. However, as ad- 
vanced application of magnesium alloys 
develops, the above items assume in- 
creased importance. BuAer’s research- 
and-development program, therefore, is 
aimed at exploring and, if possible, con- 
tributing to the improvement of these 
characteristics in magnesium. This pro- 
gram can be presented best under four 
headings, namely: 


1. New alloy development 

2. Studies of existing alloys © 
3. Structural evaluation 

4. Miscellaneous projects. 
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New-alloy development—The most 
important alloy development in the pro- 
gram has to do with magnesium-lithium 
base alloys. These alloys offer several 
possible advantages over present-day 
commercial materials, particularly with 
respect to formability and strength- 
weight ratio. To date, many hundreds 
of possible alloy compositions and com- 
binations have been explored. Promising 
alloys have been based on magnesium- 
lithium-cadmium-zinc-silver and magne- 
sium-lithium-cadmium-silver-aluminum. 
These compositions and variations there- 
of have produced alloys ranging from 
very soft, extremely ductile alloys to 
relatively high-strength alloys with com- 
pressive yield strength in the neighbor- 
hood of 55,000 psi (as compared with 
approximately 25,000—30,000 psi for 
present high-strength magnesium al- 
loys). As might be expected in a pro- 
gram of this nature, emphasis frequently 
has been shifted from one alloy system 
to another in search for alloys of supe- 
rior properties. Ductility and tempera- 
ture-stability very often have been the 
causes for these shifts in emphasis. 

In the early work, the investigation 
of mechanical properties of these alloys 
was conducted, for the most part, on 
extruded bar. Emphasis, more recently, 
has been placed on the development of 
hot- and cold-rolling techniques. Severe 
cold reductions are possible without 
difficulty, sometimes running as high as 
35%. The specific gravity of these alloys 
is approximately 1.6 as compared with 
about 1.8 for present-day commercial al- 
loys. Tension and compression moduli 
average 6.7 x 10® pst, and the compres- 
sive yield strength generally equals or 
exceeds the tensile yield strength. Stable 
alloys have been obtained with ultimate 
tensile strength in range of 45,000-50,000 
psi, with the compressive or tensile yield 
strength averaging a few thousand psi 
lower. The corrosion-resistance of these 
materials is open to significant improve- 
ment and sheet materials therefore may 
require cladding. 


Experimental ingots, billets and slabs 
have been furnished to several industrial 
producers for preliminary commercial 
evaluation. Reports confirm that a very 
high degree of workability appears to 
be obtainable. 

The second alloy-development pro- 
gram concerns magnesium-cerium base 
alloys for elevated temperature applica- 
tions, with significantly reduced creep 
rate. This work will be continued in the 
form of evaluation of production-type 
castings in the improved alloy composi- 
tion. 

Studies of Existing Alloys—An im- 
portant phase of the program that has 
been under way for a number of years 
concerns corrosion-testing of existing 
and new alloys. This program is divided 
into two major categories: one dealing 
with marine exposure of essentially un- 
stressed magnesium alloys, fabricated 
and treated in various ways, the second 
dealing with stress-corrosion phenom- 
ena. The former program has brought 
to light useful information of new com- 
binations of materials and new or modi- 
fied forms of magnesium alloys. 

Very extensive. stress-corrosion tests 
have been conducted on all important 
alloys to supplement the work done by 
other agencies. Accelerated corrosion 
tests (for example, in salt-chromate 
solutions), plus atmospheric-exposure 
tests in stress-corrosion racks of various 
designs, have been used to estimate the 
maximum stress which these magnesium 
alloys can be expected to withstand for 
stated intervals of time under specified 
corrosion conditions. 

For example, it was determined that, 
under standard conditions with properly 
stress-relieved material, the AZ31 and 
AZ51 magnesium alloys, were satisfac- 
tory at stress levels approaching the 
yield strength of the materials. 

Another project is under way also to 
study ballistic properties of magnesium 
alloys and other aircraft materials. In 
this project, it is desired to establish 
standard fundamental test procedures for 
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Left-and-right view of a typical cast magnesium-alloy naval-aircraft wheel. 


evaluating the relative resistance of air- 
craft materials and structures to damage 
by gunfire, and to use these procedures 
in obtaining information not readily 
available. No data on this project are 
yet available for publication. 


Structural evaluation —Considerabie 
work has been done at the Naval Air 
Materiel Center in Philadelphia on the 
laboratory structural evaluation of sand- 
wich-type construction using magne- 
sium, and on various sheet-stringer 
combinations. With respect to the for- 
mer, balsa cores, with facing of several 
magnesium, aluminum and steel alloys, 
have been given tests. Although the 
compressive buckling strength of high- 
strength aluminum alloys and stainless 
steel was greater than that obtained for 
magnesium alloys, sheet-stringer tests, 
stressing other design factors, showed 
appreciable advantage for fuselage com- 
binations of magnesium sheet and alu- 
minum stringers. 

The service test of 32 sets of mag- 
nesium-alloy SNJ wing panels, pre- 
viously referred to, has furnished valu- 
able information. These airplanes have 
been in service in coastal atmospheres 
over a period of approximately five 
years with as much as 1800 hours flight 
time. Their panels have received no 
special maintenance and, although a few 
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difficulties have been encountered, they 
have given satisfactory service and are 
in excellent condition. 

Recent static tests on panels having 
well over 1000 hours flying time have 
shown that wings with AZ31 skin and 
AZ80 spars and stringers had lost none 
of their strength. The fatigue strength 
of AZ51 specimens taken from several 
panels indicated that the endurance 
limit had dropped roughly 15%. A 
project has been established at NAMC 
to investigate this phenomenon and to 
ascertain the effect of overstress and 
understress on the fatigue strength of 
light alloys. 

It is of interest to note that the above 
airplanes are land-based. Plans are now 
being made for extensive testing on 
carrier-based aircraft to determine the 
effects of differences in handling, ex- 
posure, maintenance, and other carrier 
problems. 

Miscellaneous Investigation. A num- 
ber of investigations continually under 
way are of interest in the development 
of the magnesium picture as a whole. 
For example, a standard welding flux, 
which has been developed, will enable 
a better evaluation of other fluxes for 
gas-welding magnesium. 

Work on analytical techniques is also 
under way for the discovery of such 
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impurities as iron and nickel which, in 
even very small amounts, have marked 
deleterious effects on the corrosion re- 
sistance of magnesium. Statistical analy- 
sis and spectrographic methods are used 
in this study. 

Other work leading to the establish- 
ment of X-ray acceptance standards for 
magnesium castings has been initiated. 
It is proposed to define acceptable, bor- 
derline and unacceptable type and de- 


grees of defects for areas of high, 
medium and low stress. 

Organic protective coatings for mag- 
nesium alloys are being investigated at 
several Navy laboratories. In addition 
to exploring the mechanics of making 
these coating materials, much attention 
has been given to the selection and study 
of the vehicles. Phenolics and synthetic 
coatings have shown excellent charac- 
teristics as coatings. 
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ATOMIC POWER AND FUEL SUPPLY 


ACKNOWLEDGMENT 


This article, appearing in Mechanical Engineering for December 1949, is by 
Mr. Warp F. Davinson, Research Engineer of the Consolidated Edison Co. of 
New York, Inc. It explores general problems to be considered before atomic 
power can become a reality, both technically and economically. This paper was 
presented at the A.I.M.E.-A.S.M.E. Fuels Conference, French Lick Springs Hotel, 


French Lick, Ind., October 26, 1949. 


INTRODUCTION 


So much is known about the resources 
of coal, petroleum, and natural gas in 
this country that, by comparison, any 
discussion of the possibilities of utiliz- 
ing atomic or nuclear fuels is scarcely 
more than daydreaming. However, the 
subject is one that deserves attention, 
if for no other reason than that if even a 
small part of the wonders that have been 
forecast for atomic power are realized, 
the effects on the use of such energy 
sources as coal may be considerable. 


The present purpose is to explore, in 
a somewhat general way, the problems 
which must be solved before atomic 
power can become a reality. There are 
two aspects to be considered: (1) tech- 
nical—for until a practical power plant 
has been built, the rest has no reality; 
(2) economic—for large-scale use is 
hardly conceivable unless atomic power 
plants can produce power at costs com- 
petitive with other means. 


SOME BASIC FACTS 


No method is known, and none has 
been suggested by competent scientists, 
for the direct production of electric 
power from the energy released by 
nuclear fission. On the other hand, large 
amounts of heat—equivalent to many 
thousands of kilowatts—are now being 
carried off as waste from nuclear reac- 
tors used for the production of material 
for bombs. In one sense the technical 
problem is that of modifying the reactor 
so that the heat from it can be used in a 
turbine to drive an electric generator. 
This, however, is a great oversimplifica- 
tion. To achieve some understanding of 


its real character it will be necessary to 
review certain fundamental considera- 
tions. 

That certain changes within the nu- 
cleus or core of an atom could result 
in the release of amounts of energy 
large in comparison with those asso- 
ciated with chemical reactions such as 
combustion had been known since the 
discoveries of radioactivity and radium. 
However, these reactions gave little 
hope of providing useful sources of 
power both because the rate of reactions 
was comparatively slow, and because the 
rate could not be controlled. In 1939 
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experiments showed conclusively that 
some atomic nuclei can split into two 
fragments of comparable mass with an 
accompanying release of a large amount 
of energy which appeared chiefly as 
heat. In engineering terms, the release 
was about 4 X 10'° (forty thousand 
million) Btu per pound, or about three 
million times as much as from a pound 
of coal. This gave a new approach. 
Then, a few years later in a wartime 
laboratory, it was demonstrated that 
this “fission” process could be made a 
self-sustaining or a chain reaction. Until 
this very important step had been taken 
the situation had been comparable to 
that of keeping a fire going with 
matches, with a gross input of energy 
greater than the useful output. With a 
chain reaction, a net useful output be- 
came a possibility. That this discovery 
had not been made earlier is further 
testimony to the fact that the fission 
chain reaction can take place only with 
a very few materials under very special 
conditions. 

The rearrangement of atoms which 
takes place in a chemical reaction does 
not change the identity of the atoms. 
An atom of carbon, for example, re- 
mains an atom of carbon whether it is 
free or combined with hydrogen or oxy- 
gen or some other element. The forces 
that hold the atoms of a chemical sub- 
stance together are represented as re- 
sulting almost entirely from interactions 
between electrons which move about a 
central nucleus or sun in much the same 
way as the planets of the solar system. 
Most of the mass of the atom is con- 
centrated in this nucleus with consider- 
ably less than 1/1000th part in the elec- 
trons. 

In fission, on the other hand, the nu- 
cleus of the atom splits into two parts 
forming nuclei for two new atoms. If 
the original atom is U-235—that is, the 


isotope, or species, of uranium atom 
with a mass of 235 units—the fragments 
might be krypton and barium, or some 
other pair with about the same total 
atomic weight. This is a fundamental 
difference from a chemical reaction, and 
the one which explains the proportion- 
ally greater amount of energy that is 
released. 

Greater importance, for the immediate 
discussion, attaches to another differ- 
ence. Fission is initiated by a neutron— 
an electrically uncharged or neutral par- 
ticle—entering the nucleus of a uranium 
atom. The neutron is the match or 
detonator that sets off the fission. On 
fission the two parts of the original 
nucleus fly apart with tremendous veloc- 
ities, and from one to three neutrons are 
ejected. It is these neutrons with which 
we are most concerned, for if conditions 
are right they may enter another urani- 
um nucleus and so set off a new fission 
reaction. If, on the average, exactly one 
neutron from each fission causes a new 
fission, the rate will remain constant; 
if the average is larger or smaller than 
one, the rate will increase or decrease 
with corresponding rapidity. At one 
limit the action becomes explosive, and 
the rate of energy release is so great 
that the temperature may be expressed 
in millions of degrees and the time in 
microseconds (millionths of a second) ; 
at the other limit the reaction ceases 
quite abruptly. The chief engineering 
interest lies of course in the midrange 
or near the stable or constant-rate con- 
dition. Reduction in the rate may always 
be achieved by inserting into the zone 
where the reaction takes place some 
nonfissionable material which will ab- 
sorb neutrons and thus reduce the num- 
ber which remain to produce further 
fission; increase in the rate of reaction 
may be harder to achieve. 
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FUNDAMENTAL DESIGN PROBLEMS 


Some of the most difficult problems 
of nuclear-reactor design arise in the 
imperative need to conserve neutrons 
so that an adequate supply will be avail- 
able to maintain the chain reaction, 
with a small excess to permit control. 
There are several ways in which neu- 
trons can be lost: 

1. By escape from the reactor, for 
even the best neutron reflectors 
are only moderately effective. 

2. By absorption by “impurities” in 
the materials of the reactor. 

3. By absorption by U-238 without 

causing transmutation into neptu- 
nium. 
By absorption by fission products. 
By absorption by structural ma- 
terials and heat-transfer fluids 
within the reactor. 

Loss of neutrons by escape is less, 
percentagewise, for large-reactors than 
for small ones, and is less for spherical 
reactors than for square or elongated 
ones. Also, it is less for compact or 
high-density reactors than for low- 
density reactors where a smaller pro- 
portion of the space is filled with fission- 
able material. 

Absorption of neutrons by impurities 
in the materials of the reactor may be 
large and sometimes necessitates taking 
very special precautions in the selection 
of materials. 

Absorption of neutrons by U-238 is 
partially compensated for in some reac- 


& 


tors by the transmutation which leads 
to the formation of Pu-239. This will be: 
discussed later. . 

To limit the absorption of neutrons 
by fission products, it is necessary to 
remove the fission products from time 
to time. As these will exist as an inti- 
mate mixture with the uranium, their 
removal requires taking the whole mix- 
ture—uranium and all—out of the reac- 
tor and subjecting it to complex chemi- 
cal treatments to separate the waste 
from the unspent uranium which, for 
large-scale power, will be too valuable 
to throw away. Since the whole mixture 
is very radioactive, the processing plant 
must be designed for almost wholly auto- 
matic operation and to permit remote 
control of those operations which are 
not automatic. The chemical plant may 
be remote from the reactor, but the de- 
sign of the reactor must provide suit- 
able means for changing the charge of 
the active materials. 

The need to limit neutron losses 
through absorption by the structural 
materials and the heat-transfer fluids 
places two heavy restrictions on the 
designer. For one, almost none of the 
common engineering materials is accept- 
able because of the high specific absorp- 
tion or large “capture-cross section,” 
and alternatives must be sought. For 
the other, the quantities of materials 
must be limited severely, and this means 
using them at high stress. 


THE PROBLEM OF MATERIALS 


The search for materials which meet 
these requirements is, in itself, a task 
of major magnitude. Even when the 
physicist has furnished data on the cap- 
ture cross sections of particular ele- 
ments, only a start has been made. Few 
materials are suitable, in their pure 
state, for engineering application; most 
useful materials are alloys, just as steel 
is an alloy of iron and carbon with a 
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number of other elements. Equally, small 
amounts of impurity may make the ma- 
terial useless for engineering purposes 
and, as we shall see, impurities may 
sometimes be formed within an alloy 
as a result of exposure to radiation. 
The investigation of these factors is 
both costly and time-consuming. After 
the metallurgical laboratories have de- 
veloped some alloys which satisfy the 
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first set of requirements, it becomes 
necessary to investigate suitable meth- 
ods for production and fabrication on 
an engineering scale. Aluminum was 
hardly more than a laboratory curiosity 
until the Hall process was invented, 


and commercial production became pos- 


sible. 

After a new material has been pro- 
duced in trial processes the engineer 
must examine it to determine how it 
can be used. Just as a part to be made 
of cast iron must be shaped differently 
from one to be made from a chrome- 
nickel alloy steel forging, so one to be 
made from one of the new alloys—as yet 
unformulated—will require its particu- 
lar shape and proportions, especially if 
the amount of material is to be kept at 
a minimum. Then the design and ma- 
terial, and the fabrication processes, 
must be verified to insure adequate re- 
sistance to corrosion and to fatigue, for 
an unusually high degree of reliability 
is essential in reactor components. 

This brings up another group of 
problems. It is known in a general way 
that every material undergoes some 
change in its physical properties when 
subjected to neutron bombardment and 
radiation of the intensities existing in a 
nuclear reactor. However, only very 
limited data have been obtained, because 
adequate facilities for making the stud- 
ies have not been in existence. More- 
over the subject is a very complex one 
because in this case, again, it is not 


NUCLEAR 


Before proceeding to a consideration 
of some of the specific engineering prob- 
lems of reactor design, we must divert 
to a short discussion of fissionable ma- 
terials and nuclear fuels. 

The technical problems of both the 
designer and the operator of fuel-burn- 
ing boilers would be made much simpler 
if basic fuels such as coal were first 
converted into gas in a separate plant, 
about which the power man had no 


enough to study the behavior of pure 
metals; the alloys themselves must be 
studied. It was noted before that most 
engineering materials are alloys, and it 
is emphasized that the valuable proper- 
ties of alloys often depend on the amount 
and disposition of one of the minor 
alloying elements. For instance, the 
total of all the alloying elements in high- 
strength aluminum rarely exceeds 6 or 
7 per cent, and yet the ultimate tensile 
strength of the alloy may be 2 or more 
times that of commercially pure alumi- 
num. The tensile strength and resistance 
to fatigue and corrosion of such an 
alloy might be impaired seriously by 
the alteration in the silicon content due 
to radiation, even though 90 per cent 
or more of the aluminum remained un- 
affected. 

The problems to be assigned to the 
metallurgists are, therefore, both nu- 
merous and formidable. Before we leave 
the subject of materials and turn to prob- 
lems more in the field of engineering, 
we should not overlook the possibilities 
of help from the ceramics experts. 
Ceramics and glass, although among 
the oldest materials made by man, have 
been little used for engineering pur- 
poses until recently, and even now their 
potential uses are only partially under- 
stood. However, ceramics cannot be 
looked on as direct substitutes for metals. 
To realize their full potentialities, the 
engineer must be ready to make quite 
radical changes in his design. 


FUELS 


concern or worry. Of course in a prac- 
tical way, such a solution of trouble- 
some problems is never possible, for the 
question of costs—the total costs—can- 
not be ignored. In much the same way 
power-reactor design could be made 
far easier if the designer could con- 
template the use of concentrated ura- 
nium-235 or plutonium-239 rather than 
natural uranium, which contains only 
0.7 per cent of fissionable U-235 and 
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about 99.3 per cent of nontissionable 
U-238. Such a solution again evades the 
question of cost, and it also evades in 
some degree the question of adequate 
supply. 

The early designs for atomic bombs 
contemplated the concentration of the 
U-235 in natural uranium, and several 
elaborate and costly “isotope separation” 
plants were built, mostly at Oak Ridge, 
for accomplishing this. 

Experience with these processes has 
shown that the power requirements are 
so large that the amount of energy used 
in them is comparable to that available 
for power purposes in the finished prod- 
uct. Large-scale power production— 
which is our main interest here—if 
based on such methods would merely 
introduce a new step in the cycle and 
not result in any reduction in the use 
of coal, oil, natural gas, or water power. 
Clearly, such arguments as this are of 
minor importance for a limited number 
of special power applications such, as for 
the propulsion of naval vessels, and they 
are without force when considering 
bomb materials. 

It is fortunate that the possibilities 
do not end here, and that nuclear reac- 
tions are known which give promise of 
making it possible to utilize the U-238 
as well as the U-235. These reactions, 
as used in the processes for the produc- 
tion of bomb material, involve several 
steps. In the first step, a neutron released 
by the fission of an atom of U-235, after 
being slowed down by successive colli- 


sions with nuclear particles such as the 
nuclei of carbon atoms, enters an atom 
of U-238, which then becomes an atom 
of U-239. In the next step the U-239 
emits a beta particle, or electron, to be- 
come an atom of neptunium-239, and 
then, by another like radioactive trans- 
formation, the Np-239 transmutes into 
plutonium-239, This end product is fis- 
sionable in the same way as U-235, and 
it can be used to “recycle” the process. 
Moreover, since more than one neutron, 
on the average, is released on the fission 
of each atom of U-235, the possibility 
exists, if the loss of the neutrons can be 
made small enough, that the number of 
new atoms of Pu-239 will be greater than 
the number of atoms of U-235 destroyed 
by fission, and that there may be an actual 
increase in the quantity of fissionable ma- 
terial, with the nonfissionable U-238 pro- 
viding the substance or mass. There is 
also an analogous series of nuclear reac- 
tions by which fissionable U-233 can be 
produced from nonfissionable thorium- 
232. These “breeder” reactions offer the 
hope of being able to increase the poten- 
tial supplies of nuclear fuels by a factor 
of 140 or even more. 

However, as so often happens, this 
gain is not without its price. To get the 
maximum breeding of new fissionable 
materials, neutron losses must be kept 
to the very minimum, and this is incom- 
patible with meeting the design require- 
ments for a power reactor, particularly 
as to those for heat transfer and for con- 
trol. 


GENERAL REACTOR DESIGN 


With a tentative list at hand of ma- 
terials which do not have large neutron 
capture cross sections and which show 
adequate stability when exposed to radi- 
ation, and with some decision as to 
the kind of nuclear fuel to be used, the 
engineer may make a start by outlining 
a preliminary design. 

Extreme compactness is essential to 
insure needed conservation of neutrons, 


and this means high rates of heat trans- 
fer and high mechanical stresses, both 
of which are incompatible with a high 
degree of reliability. Because of the 
extreme difficulty, which may amount 
in some cases to the absolute impos- 
sibility, of making repairs to a reac- 
tor after it has been put in operation 
and has become radioactive, every 
practical means must be taken to insure 
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against failure of any parts. But as per- 
fection in this is unattainable, the design 
must make provision for some mainten- 
ance and repair work. 

At this point we will return, for pur- 
poses of illustration, to the Hanford 
type of reactor, keeping in mind all the 
while that the final design may be for 
a quite different reactor. 

In the Hanford reactors, uranium 
bars, sealed in closely fitting aluminum 
tubes, are inserted into other tubes 
which line holes running through blocks 
of graphite “moderator.” Water is cir- 
culated through the annular space 
around the “slugs” and inside the tubes 
to carry off the heat. Although the total 
heat is equivalent to many thousands 
of kilowatts it is not usable in a turbine 
because the temperature is too low. 

A basic concept of great importance 
in designing heat engines—and steam 
or gas turbines are heat engines—is 
known as Carnot’s principle. This states 
that the maximum efficiency at which 
any simple heat engine can transform 
heat into mechanical power is dependent 
on the range of temperature of the work- 
ing fluid (steam or gas) according to 
the formula. 

n = 1 — (T,/T,) 
where 7, is the initial (or higher) 
temperature and 7, is the final (or 
lower) temperature. For this use the 
temperatures must be expressed on the 
absolute scale for which the numbers 


are 460 greater than for the Fahrenheit 
scale. 

To see more clearly what this means, 
we may assume quite favorable condi- 
tions, as with cooling water from a river 
or lake available for condensers at 75 F 
(535 R). With steam at 350 F (cor- 
responding to a pressure of 120 psig) the 
maximum attainable efficiency would be 
25 per cent, and the actual efficiency 
considerably below this figure because 
of unavoidable mechanical and heat 
losses. With air cooling, as would be 
used with many gas turbines, the final 
temperature might be above 300 F, and 
to attain an actual (rather than the 
theoretical) efficiency of 25 per cent the 
initial temperature would have to be 
above 1000 F. 

One way to get higher temperatures 
from the Hanford reactors would be to 
reduce the flow of water until there was 
steam generation. This, however, is open 
to a number of very serious objections, 
prominent among which is the fact that 
the steam, because its density is lower 
than that of water, will have a lower 
specific absorption for neutrons and 
this difference may be great enough to 
cause very serious disturbances in the 
operation of the reactor. Increasing the 
pressure so as to permit reaching higher 
temperatures without steam formation 
is not an immediately acceptable alterna- 
tive because this would necessitate 
thicker walls for the tubing and a 
greater weight of inactive metal in the 
reactor. 


HEAT TRANSFER A PROBLEM 


An evaluation of possible heat-trans- 
fer fluids presents complex and difficult 
problems because of the many factors 
that are involved. Gilliland? has made 
an interesting start. Taking into account 
various physical properties such as spe- 
cific heat, thermal conductivity, density, 
viscosity, which influence heat transfer 
and the power necessary to circulate the 
fluid, he has developed two sets of 
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parameters which give measures of the 
relative merits of different fluids. He 
then calculated the values of these 
parameters for 21 gases and vapors and 
for 15 liquids and molten metals. A 
study of these values and of data on 
neutron capture cross section led him 
to select four media for further study. 
They are helium, water (in spite of the 
objections noted), molten cadmium, and 
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molten lead. Other investigators have 
added air and some eutectic mixtures 
involving lead. 

The inclusion of molten metals in the 
list may seem strange because it is 
obvious that they cannot be used directly 
in a turbine or heat engine. The justifi- 
cation comes from the fact that a “two- 
stage” heat-transfer system probably will 
be necessary in any case. With this sys- 
tem one fluid, which does not vapor- 
ize, circulates through the reactor 
where it picks up heat and then through 
a steam generator or heat exchanger 
where it gives up that heat to make 
steam which will be used in a steam 
turbine or to heat gas which will be 
used in a gas turbine. This arrangement 
has the great and overriding advantage 
of providing isolation of the turbine and 
its auxiliaries from the radioactivity 
which the fluid circulating through the 
reactor will acquire. Without it, turbine 
parts would soon become radioactive or 
so contaminated by radioactive materials 
that usual procedures for making operat- 
ing adjustments and repairs would have 
to be replaced by others using remote- 
control robot devices. It does not, how- 


ever, wholly avoid problems of this kind 
for there must be pumps or blowers for 
circulating the fluid in the first circuit 
and these must tolerate the radioactivity. 

Before a final selection of the heat- 
transfer fluid can be made it will be 
necessary to re-examine the question 
of structural materials and particularly 
those used in the active zone of the re- 
actor. In addition to the requirements 
previously noted, the materials must 
meet some others. They must not be 
corroded or attacked severely by the 
heat-transfer fluid; they must have low 
specific neutron absorption; they must 
have adequate strength, especially at 
high temperatures ; they must have ade- 
quate thermal conductivity; they must 
be capable of fabrication; they must 
have good stability when exposed to 
radiation. No common engineering ma- 
terial begins to meet all these require- 
ments, which are sometimes conflicting, 
and progress in the development of 
power reactors is dependent in a large 
degree on the success of the metallur- 
gists in meeting the challenge thus put 
to them. 


MEANS FOR REPLENISHING THE CHARGE 


Another detail of reactor design which 
requires careful study is the means for 
removing the partially spent charge and 
replacing it with new active materials. 
The fission products are generally active 
neutron absorbers so it is important 
that they not be allowed to accumu- 
late unduly. Also depletion of the 
charge reduces the level of activity so 
that the chain reaction will cease before 
all the charge has been used up. In the 
Hanford reactors, bars or slugs of ura- 
nium, in their aluminum cases, are re- 
moved from time to time and replaced 


by fresh ones. Such a process seems, 
however, to be ill-adapted to a power 
reactor, and a continuous process of 
some kind would offer many advantages 
if it could be devised. Such a process 
might be deemed as analogous to the 
continuous feed of coal in a stoker or 
in a pulverized-coal burner which has 
replaced intermittent hand firing in 
modern coal-burning power plants. The 
partially spent charge would be sent to 
a chemical processing and reclaiming 
plant, as was noted before. 
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CONTROL 


Basically, control of the reactor is ac- 
complished by moving rods of neutron- 
absorbing material into or out of the 
active zone. Cadmium has been used 
generally because it is a particularly 
effective absorber of neutrons, and there- 
fore the control rods can be small. Actu- 
ally, the control presents many very diffi- 
cult problems. The control of the neu- 
trons so as to control the fission rate 
cannot be concentrated at one conven- 
ient point, but must be distributed 
throughout the reactor if local zones of 
excessive temperature are to be avoided. 
The control system also must be respon- 
sive to changes in neutron flux density 
which take place rapidly, and not de- 
pend wholly on temperature of the heat- 
transfer fluid, or on changes in steam 
pressure which take place much more 
slowly. Additionally, the control system 


must include a large number of instru- 
ments and detectors to give warning of 
failures of one kind or another, such as 
the development of leaks of heat-trans- 
fer fluid, or the escape of radioactive 
gas. 

Therefore the control and protective 
systems will require a large array of 
instruments and servomechanisms. Some 
will be of rather conventional type, 
possibly modified to give better life 
when exposed to radiation, but a large 
part will require new developments. 
That the problems can be solved is 
demonstrated by the successful operation 
of a number of large reactors used for 
the production of bomb materials, yet 
the opinion has been expressed in a 
recent paper ? that finding a satisfactory 
solution may be crucial to the future of 
nuclear power. 


SHIELDING 


The need for heavy shielding to pro- 
tect personnel and equipment from in- 
jury or damage due to radiation has 
been mentioned in nearly every discus- 
sion of atomic energy. Gamma rays, 
which are similar to x-rays, and neu- 
trons are the most difficult to deal with 
for they are not stopped completely by 
any thickness of shield, and the design 
must be based on a tolerable residual 
intensity. In designing the shielding for 
a reactor, a large amount of ingenuity 
is necessary to devise means for insur- 
ing the effectiveness of the shield and, 
at the same time, providing means for 
making connections, installing instru- 
ments, and so forth. Provision must also 


be made for essential maintenance opera- 


tions. 


The shielding problem, however, ex- 
tends beyond the reactor. The heat- 
transfer fluid will become radioactive 
and, in turn, may induce radioactivity 
of somewhat less penetrating types in 
materials with which it comes in con- 
tact. Thus the first heat-transfer circuit 
and all the equipment associated with it 
will require some shielding, again with 
provision for access for making main- 
tenance repairs. 

So long as the heat exchanger or 
steam generator does not develop any 
leaks, the tube walls will form an ade- 
quate barrier to isolate the steam or 
gas system, but it will be unsafe not to 
make some provision for dealing with 
the situation if a leak should occur. 


STEAM GENERATOR AND SOME AUXILIARIES 


The steam generator itself presents 
some new problems. For one, the need 
for keeping to a minimum the volume of 
fluid in the first heat-transfer circuit 


points to the desirability of using high 
rates of heat transfer, and this, in turn 
means that particular care must be taken 
to insure continued cleanliness of the 
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surface and freedom from sludge and 
scale deposits. For another, it means 
that there must be carefully planned 
arrangements for treating the feedwater 
and conditioning the boiler water. It 
means, too, provision of adequate facili- 
ties for inspection and periodic cleaning. 

If molten metal is used as the heat- 
transfer fluid, provision must be made 
for draining the system on shutdown 
or for melting the metal in place when 
starting up. If air is used, attention 
must be given to the safe discharge back 
into the atmosphere, for there will be a 
moderate amount of radioactivity. Ex- 
tensive studies dealing with this last 
problem are now under way at the 
Brookhaven National Laboratories.* 

We now turn our attention to the 
power plant. What will it look like? 
There are no compelling reasons why 
the turbo-generators and the switchgear 
should differ greatly from those of fuel- 
burning power stations. Probably they 
will be a little larger because of the ad- 
vantages of large reactors, but that is 
about all. The real differences will be 
in the steam-generating equipment and 
the facilities for fuel-handling. 


Instead of large steam generators, 
often of impressive height, there will be 
a much smaller cubic reactor encased 
in a massive concrete and metal shield 
and another unit, the steam generator 
in a less massive shield. There will be 
circulating pumps to handle the molten 
metal heat-transfer fluid or blowers if 
air is used. In either case these will be 
large units, for present studies all indi- 
cate that the power requirements will 
be large because of the high velocity at 
which the fluids must be circulated 
through constricted passages. Boiler feed 
pumps will be conventional. 

There will be no coal-handling equip- 
ment, no coal pulverizer, no air pre- 
heaters ; there will be no dust collectors ; 
there will be no ash-sluicing or slag- 
tap system. Instead there will be mas- 
sive containers, probably lead-lined, for 
handling the partially spent charge and 
removing it to the chemical plant; there 
will be less massive containers for han- 
dling the replenishing charge. 

The control room will be more elabo- 
rate than in the fuel-burnming counter- 
part, and will have more interlocks and 
automatic features. 


COSTS 


What will this power plant cost? A 
large high-efficiency coal-burning power 
plant today will cost something like 
$190 per Kw. Of this, about one-half or, 
say, $100 per Kw would be needed for 
the part that would be duplicated in a 
nuclear power plant. There is not an 
adequate basis for a sound estimate of 
the other costs, but it may not be un- 
reasonable to assume that they will be 
at least 3 times those of the coal-burning 
station. This gives a figure of $370 
per Kw for the complete nuclear power 
station. 

How will operating costs compare? 
The largest item for coal-burning sta- 
tions is fuel. For the nuclear station 
the costs could conceivably be far lower, 
if—and this is an important “if’—ample 


supplies of uranium ores are found and 
if’it is found possible to reduce greatly 
present costs of reclaiming and reproc- 
essing the partially spent uranium. (At 
some later date, thorium may enter the 
situation as an alternative to uranium.) 
About the best that one can do now is 
to say that under present conditions 
uranium as a fuel for power plants is 
much more costly than coal, but at 
some later date it may become somewhat 
less expensive. As to other operating 
costs, it seems clear that until there has 
been extensive experience with nuclear 
power plans, labor supervision, main- 
tenance, and repair are all likely to be 
higher than for coal or oil-burning sta- 
tions. 
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SOME FACTORS INFLUENCING COSTS 


It must be kept in mind in any at- 
tempt to draw conclusions from these 
figures—and they are at best only the 
roughest sort of guess—that they have 
been set up on the assumption that the 
power plant was single-purpose develop- 
ment. If, as seems not unlikely, power 
plants are built as part of a multipur- 
pose development, then the allocation of 
common costs, which is to some extent 
quite arbitrary, may alter the picture. 

There are, however, some additional 
considerations. In making a comparison 
of nuclear and fuel-burning power 
plants, it should not be assumed that 
they can be placed on sites equally ad- 
vantageous with relation to the load. 
Until years of successful operation have 
proved their reliability, no prudent en- 
gineer would place a large nuclear 
power station in the heart of a large 
city or in densely populated or indus- 
trially very important areas. The ever- 
present chance, however small, that 
something might go wrong and release 
large amounts of intensely radioactive 
material would dictate sites in areas 
where a failure would be less disastrous. 
This may necessitate added transmis- 
sion, the costs of which must be con- 
sidered. 

The large size of nuclear power plants 
may operate to their disadvantage in re- 
gions of low load density, for no single 
small area such as a city may have 
enough load to justify such a station, 
and adequate load could be found only 
by supplying other areas through a 
transmission system, the costs of which 
must be taken into account. 

The disposal of radioactive wastes 
presents many problems for which solu- 
tions may be found only by distance 
from centers of population. This does 
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not mean that the power plants must 
be located in remote regions, for there 
is the possibility of shipment in suitably 
shielded cars or ships, but the costs of 
such operation cannot be ignored. 

Almost regardless of what costs may 
be for nuclear fuels, the energy per unit 
weight is so great—about 3,000,000 
times that of coal—that shipping costs 
of the uranium will be practically negli- 
gible as compared with those for coal or 
petroleum or transmission costs for nat- 
urai gas. (This does not apply to the 
partially spent charge which must be 
handled in very heavy shields.) There- 
fore, in the absence of tariff barriers 
and artificial price control, the fuel cost 
will be the same at any place in the 
world. Aircraft and surface vessels 
might, in theory, be made free from the 
high price they must now pay for carry- 
ing their fuel with them. 

This advantage must not be confused 
with one that has sometimes been 
claimed for nuclear power plants. It has 
been suggested that they offer particu- 
lar advantages in areas where adequate 
supplies of condenser cooling water are 
not available in lakes or rivers, but this 
does not meet the test of critical analy- 
sis. A heat engine (steam turbine or 
gas turbine) is required in either a 
nuclear or a fuel-burning plant and the 
conversion efficiency will be influenced 
equally by the availability or lack of 
cooling water. Higher final temperatures 
mean lower efficiency, larger turbines, 
larger steam generators, larger reactors, 
and so forth, and they mean higher fuel 
consumption. All that can be said with 
certainty is that at some time in the 
future nuclear power plants may not be 
influenced as adversely as fuel-burning 
power plants by lack of natural cooling- 
water supplies. 
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SUMMARY 


There appear to be no unsurmountable 
technical barriers to the development of 
large nuclear power plants, but it is by 
no means clear that such plants can offer 
anything like as great economic advan- 
tages as have often been predicted. In 
fact, the outlook as to costs, even if the 
enormous development costs were to be 
charged entirely to other projects, is 


such that one would not expect rapid 
large-scale inroads of nuclear power into 
the field of industrial power production. 
At most, nuclear power plants might 
represent most of the new capacity and 
thus be a supplement to rather than sub- 
stitute for power from coal, oil, gas, and 
water power. 
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AN ATTEMPT TO FIND AN EXPLANA- 
TION AND WORKING THEORY OF 
CYLINDER LINER WEAR, COMPARED 
WITH PRACTICAL OBSERVATIONS 


British Motor Ship. 


This paper contains the conclusions | 
have reached in trying to find an ex- 
planation of the causes of the abnormal 
cylinder wearin. ships’ Diesel engines, 
mainly of the two;stroke type. It is thus 
not a questions: of dealing with the 
causes of what is usually called ordinary 
cylinder wear, by which I mean wear 
on the cylinder liners which keeps below 
0.1 mm. per 1000 running hours. 

I shall first review the three different 
processes which can be assumed to take 
place during the combustion in an in- 
ternal-combustion engine cylinder, and 
the consequences I believe these proc- 
esses generally have with respect to the 
condition of the combustion spaces. 
These three processes are the following, 
Viz :— 

1. Electrochemical. 

2. Oxidation. 

3. Detonation. 


On the bases of these assumptions I 
present: 
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4+. An attempt to establish a working 

hypothesis, and then compare this 

proposition with the following tests 
performed by our company, viz: 

Corrosion experiments. 

6. Voltage measurements in experi- 
ments with an acetylene flame as 
source of heat, and with our in- 
vestigations and measurements in 
the ships, viz: 


un 


7. The working hypothesis compared 
with observations on board ship: 

(a) The cylinder wear in relation 
to the insulation resistance in 
the electric installations on 
board. 

(b) Measurements on board the 
ships. 

(c) Four- and two-stroke main 
engines and auxiliary engines. 

I shall next give an account of 

8. Examination of the Diesel oil, 
and finally 

9. A summary of my findings. 
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1. ELECTROCHEMICAL PROCESS IN AN OIL-ENGINE CYLINDER 


The humidity of the air in combina- 
tion with the sulphur content of the 
fuel oil forms steam and sulphurous acid 
in the engine cylinder during combus- 
tion. When the piston during the work- 
ing stroke moves downward, and these 
vapors come in contact with the com- 
paratively cold cylinder surfaces, the 
vapors wholly or partly condense and 
mix and form electrolyte. If the relative 
humidity of the air is 90 per cent at 20 
degrees C., and the oil is burned with 
75 per cent excess of air, the hydrogen 
content of the oil is 12 per cent and the 
sulphur content 1 per cent, there will be 
developed (per ton of oil consumed) 
about 1500 kilograms of steam and 25 
kilograms of sulphurous acid. 

If a metal comes in contact with 
water or a solution it will send out 
positively charged ions from the metal 
surface into the liquid. These ions are 
formed because the metal atom, upon 
separating from the electrode, leaves one 
or more electrons on the electrode. 
Through an excess of electrons the metal 
will be negatively charged, and this 
state is increased with the number of 
ions sent out into the liquid. If electrons 
are not conducted away from the metal, 
a state of equilibrium will soon be estab- 
lished, after which the liquid cannot re- 
ceive any more ions. A fixed difference 


of potential (the electrode potential) is 
then attained between the metal and the 
liquid, i.e., the voltage existing between 
the metal and the liquid when the solu- 
tion will not absorb any more metal ions. 
The same condition may be conceived 
as existing between the ship’s hull and 
the water, and in any engine cylinder 
between the cylinder liner and the elec- 
trolyte. 

Now, if the metal is subjected to elec- 
tric tension, the electrons will be con- 
ducted away gradually, and we do not 
attain the electrode potential. Instead 
there is a continuous release of electrons. 

Should my assumption prove correct, 
the consequence will be that the elec- 
trons which should have been stored in 
the engine material participate in the 
movements of the electrons that take 
place in the electric plant. In these cir- 
cumstances all metal in contact with 
water or an electrolyte continuously 
flings out metal ions into the liquid, the 
visible result of which we call corrosion 
of the metal. 

The process described must be re- 
garded as the main element in the proc- 
esses then started in the engine cylinder 
according to the assumption made, and 
which in what follows I shall call the 
oxidation process and the detonation 
process. 


2. OXIDATION PROCESS IN AN ENGINE CYLINDER 


H. Schonfeld and others have pointed 
out that hydrocarbons can be oxidized 
through the action of an electric cur- 
rent in the presence of sulphuric acid. 
In the course of this action are precipi- 
tated larger or smaller quantities of 
sebacic acids, depending on the existing 
prerequisites. 

It is further ascertained that a hydro- 
carbon under conditions favorable for 
oxidation forms alcohols, ketones (asso- 
ciations of the radical CO with two 
alcohol radicals of type R CO R’), 
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aldehydes (acidulous alcohol products), 
and superoxides. 

According to the assumption of the 
process in an engine cylinder in case 
of low insulation resistance of the elec- 
tric plant in the ship, the cylinder oil 
will be exposed in the cylinder to the 
oxidizing influence of the electric cur- 
rent. Oxidation products will then be 
produced out of the hydrocarbons in the 
cylinder oil, which subsequently owing 
to the pressure and temperature condi- 
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tions in the cylinder may be further 
oxidized to form pitch and resin-like 
substances. In turn these substances 
cause the cylinders and pistons to be 
prematurely soiled and coated. The oxi- 
dation of the cylinder oil moreover re- 
duces its lubricating properties and thus 


indirectly contributes to the increased 
cylinder wear. 

Some of the oxidation products have 
also an unfavorable effect on the com- 
bustion process in the cylinder. I shall 
revert to this in my review of the 
detonation process. 


3. DETONATING PROCESS IN AN ENGINE CYLINDER 


In detonation tests performed in steel 
tubes of from 7 to 13 mm. diameter and 
1.6 to 6 meters’ length, the detonation 
wave attained a speed of up to 2100 
meters per sec., the return wave up to 
1700 meters per sec., and the detonation 
wave a temperature of 5570 degrees C. 
(Cf. A. Egerton and S. F. Gates, The 
Royal Society, London, Reports, series 
A, vol. 114, No. A766, and Harold A. 
Beatty and Graham Edgar, “The Sci- 
ence of Petroleum.”) The detonation 
phenomenon is not fully explained, and 
I must here confine myself to dealing 
with detonations as a reality and try to 
estimate the consequences of this phe- 
nomenon occurring in an engine cylin- 
der. 

For the process in an engine cylinder 
which I have in mind, the expression 
“detonation” is perhaps misleading, in- 
asmuch as a fully developed detonation 
can hardly take place in a space with 
so large a diameter in relation to its 
length as a Diesel-engine cylinder. It 
will in any case represent a detonation 
of a lesser order. 

Literature on the subject mentions 
that detonating processes can occur in 
an engine cylinder if substances such 
as the oxidation products mentioned in 
the foregoing, i.e., aldehydes, super- 
oxides, etc., are present during the com- 
bustion. As an illustration it may be 
mentioned that one molecule of such a 
substance can affect 200,000 molecules 
of the fuel. 

Scientists state inter alia that with 
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combustion of a detonating character, 
higher temperature, greater rapidity of 
the combustion wave and more ultra- 
violet light are produced than at normal 
combustion. 

One may presume that the condition 
will be the same with combustion of a 
detonating character, as compared with 
normal combustion in an engine cylin- 
der, even though temperature and veloc- 
ity do not attain such high values as in 
a fully developed detonation. 

The uncontrolled temperatures ob- 
tained nevertheless are apparently high 
enough to damage the surface layer in 
the cylinders. The uncontrolled combus- 
tion takes place in the same part of the 
cylinder as the normal combustion, 
namely in the upper part of the cylinder 
where there is the maximum wear. 

In trying to think of some phenom- 
enon which would afford theoretical 
support of the assumption of detonating 
occurrences in a ship’s engine cylinder 
I have proceeded from a case well known 
in radio technics, namely that a metal 
plate which is exposed to ultra-violet 
rays, or is heated, is able to send out 
electrons. As both ultra-violet light and 
high temperature would be produced in 
a detonating process in a cylinder, it is 
conceivable that the result would be a 
release of electrons from the cylinder 
surface, and that electric currents are 
obtained in the combustion space. The 
voltage of these currents would then be 
a criterion of the violence of the det- 
onating process. 
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4. ATTEMPT TO FORM A WORKING HYPOTHESIS 


On the basis of the foregoing obser- 
vations a tentative working hypothesis 
concerning the combustion process in 
the cylinders will now be presented. 

By reason of the presence of electro- 
lyte in the cylinders, metal ions are 
being flung out from the cylinder liner 
surface. Electrons are released. 

If the electric insulation in the ship 
has low resistance the released elec- 
trons are conducted away and released 
metal ions are continuously flung into 


the electrolyte. The visible result is cor- 
rosion of the metal. 

The electrons which are released and 
conducted away from the cylinder sur- 
face, furthermore produce oxidation of 
the cylinder oil. Oxidation products are 
formed which for one thing coat the cylin- 
der surfaces and for another start combus- 
tion processes of a detonating character. 

This detonating process gives rise to 
formation of an_ electronic current 
through the engine and propeller shaft 
to the ship’s hull and the sea. 


5. CORROSION EXPERIMENTS 


In order to ascertain to what extent 
D.C. tension can affect a corrosion 
process, we have performed a few sim- 
ple tests. 


In each of six equally large and well- 
insulated glass vessels was poured elec- 
trolyte composed of 1 dl. sulphuric acid 
and 2 dl. water. Six copper bars were 
weighed separately and immersed simul- 
taneously each in one of the vessels. The 
bars were connected as follow :— 
1. Unconnected. 
2. Connected to earth. 
3. Connected to the pos. pole of a 
220-v. D.C. generator. 

4. Connected to the neg. pole of a 
220-v. D.C. generator. 

5. Connected to the pos. pole of a 
220-v. D.C. generator. 

6. Connected to the neg. pole of a 
220-v. D.C. generator. 


The electrolyte was changed three 


times and the bar wiped clean six times. 

The test was concluded after 96 hours. 
The bars were then weighed and the 
loss of weight noted. 

It was found that the two bars con- 
nected to the pos. pole and neg. pole 
respectively, and left undisturbed during 
the test, had lost about 20 per cent, more 
weight than the unconnected bar and 
the bar connected to earth. In the cases 
of the bars where the electrolyte was 
changed and the protective coating on 
the metal wiped off—intended to illus- 
trate the process in an engine cylinder— 
the result was a reduction of weight 
about 100 per cent greater. 

The test proves that the corrosion of 
the metal is very much increased in the 
presence of electric D.C. tension. When 
the electrolyte was changed and the 
metal wiped clean the corrosion was in- 
creased many times. 


6. VOLTAGE MEASUREMENTS IN EXPERIMENT WITH ACETYLENE GAS FLAME 
AS A SOURCE OF HEAT 


Experiments have further been car- 
ried out with the object of trying to 
demonstrate the processes during com- 
bustion of a detonating character in an 
engine cylinder, as well as to give an 
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idea of the electric tensions set up in 
this connection. 

In view of the occurrence of higher 
temperature and more ultra-violet light 
during combustion of this nature than 
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in normal combustion, an acetylene-gas 
flame was used in these experiments as 
source of heat. In such a flame there is 
present both high temperature and ultra- 
violet light. 

The experiments demonstrated that 
if the flame was turned against steel 
or cast iron, currents were immediately 
produced, which were visible in a 
cathode-ray oscillograph when connected 
with the test piece, and could be meas- 
ured with a millivoltmeter. 

The negative terminal of the voltmeter 
was connected with the test piece, and 
the positive terminal with the metal in 
the gas burner. Voltages of from 100 
to 400 mv. were registered. The current 


immediately disappeared when the flame 
was removed from the test piece. 

With the cathode-ray oscillograph, 
voltages could be observed when the 
gas flame was rapidly passed back and 
forth over the test piece. Doubts were 
entertained about the reactions of the 
oscillograph, since its function is to 
measure A.C. tensions and frequencies. 
The fact that, as mentioned, it did react 
must, no doubt, be attributed to the 
rapid alterations of temperature in the 
gas flame, accompanied by release of 
electrons at the same rate. From this 
is obtained a pulsating continuous cur- 
rent, which is able to act on the con- 
densers of the oscillograph and make it 
register a voltage which has the appear- 
ance of alternating current. 


EXPERIMENTAL ENGINE 


In order to enable some preparatory 
demonstrations and tests to be per- 
formed before commencing measure- 


ments in ships, a two-stroke Diesel en- 
gine was procured and erected for cer- 
tain planned experiments ashore. 


7. WORKING HYPOTHESIS COMPARED WITH OBSERVATIONS MADE ON 
BOARD DURING THE RUNNING 


It may naturally be asked at this stage 
how far the tentative hypothesis agrees 
with observations in the actual opera- 


on 


tion of Brostr6m Lines’ ships. Based upon 
the investigations made, an account 
will now be given of our experiences. 
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APPENDIX 


Fig. 1 is a graph showing the aver- 
age cylinder wear in the main engines 
of ships belonging to the Brostrém Lines t 


during the years 1935-1948. 2 
The average cylinder wear was al- 5 | 
ready high in 1935, and there was acon- 3 9-32 
siderable reduction in the years up to 3030 
1941, in which latter year a minimum =. g0 
was recorded. L024 
From 1942 the curve rises slowly at So 
first and then with a steepness never soa 
before recorded. This rapid increase was — 


arrested in 1946. Since then the cylin- 2 ou. 
der wear has certainly increased, but Song 
not at the previous extraordinary rate.  o. 
Thus, in 1942, the average cylinder 9? 
wear was 0.112 mm. per 1000 running 5 ,\,, 
hours. By 1945 it had risen to 0.239 mm., 1925 23 30 32 34 36 38 40 44 46 48 
and, finally, in 1948 to 0.314 mm., an 
increase since 1942 of about 180 per 
cent. 


7A. CYLINDER WEAR IN RELATION TO THE INSULATION RESISTANCE IN THE 
SHIP’S ELECTRIC SYSTEMS 


In the course of our examination of 
the quality of insulation in the different 
ships, we have found that in ships in 
which the insulation is poor the cylin- 
der wear has been great, and that ships 
in which the insulation resistance is 
higher have smaller cylinder wear. 

It is often noted that on the inspection 
of pistons and cylinders these are con- 
siderably more dirty in some engines 
than in others even though they are of 
the same type. With closer control it 
was found that in the ships where the 
cylinders were most dirty the insula- 
tion of the electric plant on board was 
rather weak. As a rule the fouling was 
less conspicuous in ships with higher 
insulation resistance. 

Both of these observations undoubted- 
ly furnish a certain support to the 
assumption of a correlation between the 
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quality of the insulation and the cylin- , ht ima? 
der wear. In general it is the positive Fig. 2. 

pole that has the lowest insulation resist- 

ance. 


456 


13 
*8 


CYLINDER LINER WEAR 


7B. MEASURINGS ON BOARD 


Three different instruments have been 
used for determinations of the detona- 
tion process just mentioned, viz., 

Cathode-ray oscillograph for measur- 

ing frequencies and any stored pul- 

sating D.C. tensions that may rise, 
and 

Millivolt meter (with 

a sensitivity of 20,000 |For measuring 

ohms per volt) and {D.C. tensions 

Tubular voltmeter 

(Instruments of this degree of sen- 

sitivity are required for such records. ) 


The oscillograph registered voltages 
like the voltmeter but as a rule gave 
higher values. The frequency values ob- 
tained with the aid of the oscillograph, 
however were difficult to read with any 
degree of safety, and have consequently 
not been included in any record. Thanks 
to the oscillograph we have neverthe- 
less been able to ascertain that the com- 
bustion process is very different in 
different engines, and that each indi- 
vidual combustion gives rise to distinct 
and marked tension developments. 

The difficulty connected with carrying 
out measurements in the combustion 
space of the cylinders has induced us 
to look for more convenient measuring 
places. It then occurred to us that owing 
to the insulating properties of the lubri- 
cating oil the cylinders and frame of 
the engine as well as the hull are in- 
sulated from the pistons, connecting 


rods, crankshaft and tailshaft. By this 
reasoning we would be justified in con- 
necting our voltmeter between points 
situated in those parts insulated from 
each other, and for the sake of accessi- 
bility we selected the propeller shaft 
and the ship’s hull. 

Only the values indicated by the milli- 
volt meter which are compiled in graph, 
Fig. 2, are used together with the 
recorded cylinder wear figures for the 
ships in question. 

It will be seen from the graph that 
the measured tensions in the main agree 
with the amount of cylinder wear in 
the ships. The voltage of the currents, 
in other words, may be a criterion of 
the violence of the detonation process. 

An observation of interest in this 
connection is that the voltage between 
the shaft and the hull with the engine 
not running has always been found to 
be zero. 

In only one ship do we find a meas- 
uring value which deviates entirely from 
the rest, namely where there is an ex- 
cessive cylinder wear in spite of meas- 
ured low voltage between the propeller 
shaft and the hull. We have noted that 
the cylinder liners were much corroded 
not only in the upper part but also 
farther down in the bore. 

I cannot find an explanation of this 
discrepancy at this stage and must leave 
the finding of the cause to future in- 
vestigations. 


7C. MAIN AND AUXILIARY ENGINES 


In some ships of the Brostrém Lines 
the cylinder wear, strange to say, has 
net increased in recent years. This ap- 
plies primarily to ships equipped with 
four-stroke main engines, but also a few 
two-stroke engines have run during the 
whole time with very small cylinder 
wear (less than 0.1 mm. per 1000 run- 
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ning hours). The same fuel and lubri- 
cating oils have been used as in the 
other ships. 

Referring to four-stroke engines, we 
have come to the conclusion that the 
higher temperatures of exhaust gases 
and cylinder liners enable steam and 
sulphurous acid to be discharged in the 
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form of gas through the funnel. Electro- 
lyte is thus not produced in the cylin- 
ders of these engines, consequently no 
electrochemical process will be started 
and neither will there be any oxidation 
of the cylinder oil, accompanied hy 
detonation processes. 

In two-stroke engines, on the other 
hand, the surface of the cylinder liners 
is cooled by the scavenging air, causing 
both the steam and the sulphurous acid 


to condense as soon as they strike the 
cylinder surfaces, thereby starting the 
destructive process. 

Neither have we noted any appreci- 
able increase of the cylinder wear in 
our two-stroke auxiliary engines. The 
higher speed of these engines may afford 
an explanation of the discrepancy. In 
other words, the available time for oxi- 
dation of the lubricating oil may be too 
short. 


8. INVESTIGATIONS CONCERNING DIESEL FUEL OIL 


The investigations of the causes of the 
increased cylinder wear, however, have 
not been confined to the foregoing factors. 
In parallel with these tests the fuel oil 
has been analyzed continuously from 
1925 to 1948, and the analysis results 
submitted to study. I give an account of 
the observations made in the course of 
these studies, and supplement this with 
graphs showing the changes in com- 
position of the fuel oils used for the 
ships of the Brostr6m Lines from 1925 
to 1948. 

Fig. 3 shows the cylinder wear in 
relation to the spec. gravity, viscosity 
and sulphur content. 
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The curves indicate the averages and 
are prepared on the basis of the results 
of analysis. An examination of the 
curves does not point to any special 
agreement with the curve for the cylin- 
der wear. 

Fig. 4 shows the cylinder wear in 
relation to the hydrogen content of the 
fuel oil. In order to bring out the hydro- 
gen curve we have made use of a 
diagram prepared by Blackwood and 
Cloud. In the opinion of other scientists 
this diagram can be applied to Diesel 
fuel oils in general. 
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From a study of our curve in com- 
parison with the cylinder wear there 
seems to be a close relationship. The 
lowest record of the hydrogen curve 
was made for the years between 1937 
and 1941, and shortly after this period 
the wear also showed the lowest figure. 
The hydrogen curve then ascends, at 
first comparatively slowly, whereas the 
wear curve rises very rapidly. A cer- 
tain agreement is thus shown although 
not absolute correspondence. 

There is reason to believe that the oil 
producers in some manner or other 
changed the processing of the oils after 
1935, leading to a reduction of the 
hydrogen content, which in turn re- 
duced the cylinder wear. This state of 
affairs would seem to have lasted until 
the year 1941, when a change of policy 
might have induced the oil producers to 
increase the hydrogen content. which 
has acted unfavorably on the cylinders. 

In Fig. 5 the cylinder wear is set in 
opposition to the cetane number of the 
fuel oil. (The cetane number of a Diesel 
oil is expressed in per cent cetane by 
volume which must be combined with 
alpha-methyl naphthalene in order to 
give this mixture the same ignition 
properties as the Diesel oil.) 


The cetane curve is prepared on the 
basis of the same diagram as used in 
Graph 4. It will be seen that this curve 
conforms absolutely to the wear curve, 
which leads us to suspect that the cetane 
number is directly correlated to the 
cylinder wear. 

Some change in the processing of the 
oil took place in 1934 which lowered 
the cetane number and had a very favor- 
able effect with reference to the wear. 
In 1941 the curve is at its lowest value 
with a cetane number of 39. Then there 
is a slow rise during which the wear 
increases. From 1945 the cetane curve 
rises almost perpendicularly in common 
with the cylinder wear. 

Fig. 6 represents the cylinder wear 
curve in relation to the Diesel oil reac- 
tion constant. In a diagram of the ce- 
tene number of Diesel oils, prepared by 
G. D. Boerlage and van Dyck, it is 
shown that oils with a high cetene 
number (the cetane number being ap- 
proximately 13 per cent lower than the 
cetene number) have a greater tendency 
to cracking than oils with a low cetene 
number (understanding by cracking par- 
tial dissociation through the influence of 
heat and high pressure). 

On the basis of cetene numbers and 
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certain research results these scientists 
reckon with a constant for the oil (the 
reaction constant) which represents a 
criterion of the tendency of the oil to 
crack. 

On the basis of this diagram and the 
known cetane values of our oils we have 
prepared a graph showing how the reac- 
tion constant of the fuel oil has changed 
in the course of years. There is very 
close agreement between the reaction 
constant curve and the wear curve, 
which in itself points to a certain cor- 
relation between the tendency of the oil 
to crack and the cylinder wear. 

In Fig. 7, finally, we have combined 
the curve for the cylinder wear with 
curves for the hydrogen content of the 
Diesel oil, the reaction constant and 
the cetane number. 

A survey is here obtained of the 
changes of the Diesel oil in these 
respects in the period under review, and 
indicates to what extent the curves 
representing these changes are in agree- 
ment with the developments in cylinder 
wear. 

I am ignorant of the causes which led 
to these great changes in the processing 
of the oil, but it is to be supposed that 
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different processing methods are applied 
as a consequence of the technical ad- 
vances and new substances being ob- 
tained from the oil, causing deteriora- 
tion of the oil in respect of cylinder 
wear. I trust that if any representatives 
of the oil companies are present they 
will give us the benefit of their knowl- 
edge of this matter. 


9. SUMMARY 


With this relation of the conceivable 
causes of the excessive cylinder wear, 
based on scientific results, assumptions 
of the processes involved, experiments, 
control of the conditions prevailing in 
the actual running of the engines and 
aboard ship, and investigations of the 
fuel oil, I have tried to formulate an 
opinion that the abnormal wear of the 
engine cylinders is due to two different 
correlated causes, which each can ap- 
pear independently but most often com- 
bine to affect the engine cylinders 
destructively. 

The first of these, according to my 
hypothesis, is composed of three “links” 
in the destructive process, namely :— 


1. The electrolytic corrosion proc- 
ess which is produced by the engine 
being placed under electric tension as 
the result of low insulation resistance 
in the electric plant and system on 
board the ship, and which leads to a 
more or less severe destruction in the 
cylinders. 

The corrosion test shows that 
electric tension, if present, greatly 
increases corrosion of the metal. 

Our observation of the correla- 
tion between the insulation resist- 
ance and cylinder wear in the ships 
gives us reason to conclude that 
here is one ground for the deterio- 
ration. 
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2. Oxidation of the cylinder oil 
which is started by the electro-chem- 
ical process and results in the forma- 
tion of pitch and resin-like deposits 
in the cylinders, thereby diminishing 
the lubricating properties of the cyl- 
inder oil. 

The observations which indicate 
that ships in which the cylinders 
of the engines are badly fouled 
have low electric insulation resist- 
ance also support our complaints 
against the electric plants on board. 


3. Uncontrolled detonating com- 
bustion, produced by oxidation prod- 
ucts from the cylinder oil, and being 
possibly the process which has most 
destructive effect on the cylinder 
surfaces. 


The test with an acetylene-gas 
flame gave evidence that tensions 
are produced in a metal if this is 
exposed to high temperature and 
ultra-violet light, and the fact that 
the highest tensions have been found 
in ships having the greatest wear— 
ascertained through our measure- 
ments—speaks in favor of the con- 
clusion that we have here to deal 
with a special feature with bearing 
on the subject. 
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The second causal connection would 
seem attributable to the changes in the 
composition of the fuel oil for Diesel en- 
gines. 

The correlation between cylinder wear 
and hydrogen content, cetane number, 
reaction constant of the fuel oil, and 
possibly other factors connected there- 
with, is a question, however, that must 
be left to oil experts and perhaps other 
initiated parties with experience in this 
matter to explain. 

I need hardly say that the whole prob- 
lem of cylinder wear is an enormously 
complicated one which is intensively 
studied the world over, and my own 
ideas on the subject on the basis of the 
scant material I have been able to sub- 
mit naturally make no pretense to afford 
a solution. They may nevertheless con- 
tain points of view which may lead to 
continued investigation and research. 

As pointed out by Mr. Christiansson 
in introducing the subject, we have con- 
sidered the experience from the opera- 
tion of the motor ships of the Brostrém 
Lines and the results of our investiga- 
tions interesting enough to afford the 
groundwork for a profitable discussion 
of the theories and hypotheses we have 
ventured to place before the meeting. 
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Corrosion has been aptly termed a 
“major industry in reverse—all loss 
with never a profit.” The annual loss to 
the economy as a result of environmental 
and chemical attack has been estimated 
to be 3% billion dollars, truly a stagger- 
ing figure. This drain upon national re- 
sources lately has received intensified 
attention as a result of the experiences 
of the last war and the necessity for 
conserving the limited supply of com- 
mon structural materials. 

Corrosion of metals, of which the 
most familiar example is the rusting of 
iron and steel, is obviously a problem 
of national importance. The chemical, 
metallurgical, mining, power, oil and 
fuel industries all are vitally concerned. 
The use of higher pressures and higher 
temperatures as a result of technological 
and scientific advances has increased 
many times the problems of corrosion. 
Materials which formerly were con- 
sidered corrosion-resistant for a speci- 
fied set of operating conditions have 
become relatively useless as service re- 
quirements become increasingly severe. 

Of all the industrial and military ac- 
tivities concerned with the destructive 
effects of corrosion phenomena, the 
Navy may be considered to be the most 
seriously affected. The necessity of main- 
taining the fleet and air arms of the 
Navy in operational readiness, while 
they constantly are exposed to the perni- 
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cious influence of a natural agent of 
corrosion (sea water) and confronted 
with almost every other known type of 
corrosion phenomena as a result of the 
multitudinous service operations and 
processes aboard ships and _ aircraft, 
makes corrosion a most serious consider- 
ation in the design of equipment and 
the selection of materials for naval ap- 
plications. 

Compared to the enormous cost of 
corrosion destruction, relatively insig- 
nificant sums have been expended for 
the scientific study of corresion. Much 
of this necessarily has been in applied 
research, trouble shooting, evaluation 
and testing, aimed primarily towards 
the empirical development of corrosion- 
resistant alloys, protective coatings, cor- 
rosion inhibitors and rust-preventives. 
Relatively few investigations have con- 
centrated on the fundamentals of corro- 
sion. The authors feel secure in saying 
that the corrosion and surface chemistry 
program of the Office of Naval Re- 
search, in conjunction with related and 
supporting ONR projects, represents 
one of the leading corrosion research 
programs in this country devoted to the 
understanding of why metals do or do 
not corrode and the mechanisms and 
kinetics of corrosion reactions. 

The Office of Naval Research, estab- 
lished by an Act\of Congress in August 
1946, is charged with the overall respon- 


CORROSION RESEARCH 


sibility for the Navy’s scientific research 
program. For the past three years, ONR 
has been sponsoring a broad. long-range 
program in fundamental research cov- 
ering practically all branches of the 
physical, biological and naval sciences. 
This program is executed largely by 
means of research contracts with aca- 
demic, industrial, private and govern- 
ment institutions. Equally important 
functions are the coordination of the 
scientific research effort throughout the 
Navy and the dissemination of research 
information resulting from such en- 
deavors. 

The Office of Naval Research corro- 
sion research program, which is jointly 


administered by the Metallurgy and 
Chemistry Branches, is aimed at the 
study and elucidation of the fundamental 
mechanisms and kinetics of corrosion 
reactions, and supports the more prac- 
tical and applied studies underway in 
the various naval bureaus and labora- 
tories. The object of this article is to 
describe the ONR corrosion research 
program and its objectives and to re- 
view briefly the progress to date. How- 
ever, before discussing this program in 
detail, it may be advisable to describe 
briefly the prevalent types of corrosion 
encountered throughout the navy and 
the general methods currently employed 
to control them.? 


CORROSION TYPES DESCRIBED 


Corrosion is defined as the destruction 
of a metal by chemical or electrochem- 
ical reaction with its environment. Prac- 
tically all metals and their alloys cor- 
rode, the major difference being the de- 
gree and rate at which the corrosion 
process occurs. The science of corrosion 
may be traced to the 1830’s when Fara- 
day enunciated his now famous Laws 
of Electrochemical Action, but it was 
not until the early part of the twentieth 
century that the electrochemical nature 
of most corrosion processes was recog- 
nized definitely. The establishment of 
the electrochemical mechanism of cor- 
rosion on a quantitative basis is a re- 
sult of relatively recent fundamental re- 
search. Electrochemical corrosion oc- 
curs when current flows between anodic 


TYPES OF 


The most common type of corrosion, 
uniform attack or general corrosion, 
represents the greatest destruction of 
metal on a tonnage basis. Failure gen- 
erally is the result of a decrease in 
section thickness as a result of uniform 
chemical or electrochemical attack over 
the entire exposed surface. This type 
of attack, because of its characteristics, 
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and cathodic areas situated at different 
parts of the metallic surface. Obviously 
all chemical changes involve electron 
displacements, but the term “electro- 
chemical corrosion” is reserved for cur- 
rent flow over finite distances longer 
than inter-atomic spacings. It must be 
recognized that not all corrosion proc- 
esses are electrochemical in nature (e.g.. 
simple acid attack), although by far 
the greatest percentage occurs as a re- 
sult of electrochemical action. Electro- 
chemical corrosion, resulting from anode 
and cathode reactions, may be caused 
by dissimilar metallic contact, impurities 
and other metallic non-homogeneities, 
solution concentration effects and dif- 
ferential aeration currents. 


CORROSION 


can be controlled by suitable choice of 
methods described below, and its prog- 
ress followed easily, thus enabling re- 
liable service life predictions and ade- 
quate design thereof. The other types 
of corrosion to be discussed are more 
insidious in nature, difficult to predict 
and often responsible for unexpected 
and sudden failure. 
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Intergranular or Intercrystalline 


Intergranular. or intercrystalline cor- 
rosion consists, of localized preferential 
attack at the grain boundaries of metals 
or alloys. Nickel-chromium stainless 
steels (e.g., 1808) are particularly sus- 
ceptible to intergranular corrosion when 
in a “sensitized” condition because of 
improper heat-treatment, improper weld- 
ing procedures, or insufficient carbide 
stabilization. Many of the brass alloys, 
extensively used throughout the Navy 
for condenser systems and numerous 
other applications, aluminum and mag- 
nesium alloys, and nickel, are also sus- 
ceptible to attack of this nature in many 
environments. 

Pitting 

Pitting is one of the most destructive 
and insidious forms of corrosive attack. 
Although the overall weight loss might 
be very slight, failure often will occur 
because of severe localized penetration. 
Pitting is recognized readily by the 
presence of pits due to holes, generally 
localized in isolated areas. 

Chlorides, a principal constituent of 
sea water, are major pitting agents, 
which obviously makes this type of at- 
tack a major problem to the Navy. 
However, fresh water also will cause 
pitting in many metals. 

Pitting generally is attributed to a 
lack of homogeneity in the metal surface. 
Impurities, scratches, and surface rough- 
ness all may promote formation of pits. 
Pits may form under corrosion products 
which exist on the metal and also may 
be promoted by local breaks in “passive 
films” which form on metal and alloys. 
Once pitting starts, its progress con- 
tinues at an accelerated rate. Pitting 
also may result from impingement or 
cavitation erosion (described below). 


Dezincification 


Dezincification, a phenomenon which 
formerly caused considerable equipment 
failures aboard ship and is still a prob- 


Fig. showing prefer- 
ential corrosion of beta along grain 
boundaries of alpha brass. 


lem, usually is observed in the copper- 
zinc brass alloys. The net result of 
dezincification is a selective removal of 
the zinc, leaving as a remainder a weak, 
spongy, copper structure. 

The exact mechanism by which de- 
zincification occurs is still a matter of 
dispute. Two schools of thought exist: 
one claiming the entire alloy goes into 
solution with the redeposition of copper 
and the other upholding the selective 
leaching of zinc with the copper re- 
maining in situs. Dezincification is ob- 
served readily by the change from the 
yellow color of brass to the distinctive 
copper color. It may occur as a uniform 
attack over the entire exposed area or 
as a plug type attack in localized areas. 
Dezincification of brasses results in a 
severe loss of strength and ductility and 
occurs most often in sea water or aerated 
liquids. Control of dezincification has 
been accomplished in some measure by 
the addition of small amounts of tin, 
arsenic or phosphorous to the various 
brass alloys. Lately the copper-nickel 
alloys have been substituted for the cop- 
per-zine series so this type of corrosion 
is no longer as troublesome and costly 
to the Navy as it was. 


Erosion-Corrosion 


Erosion-corrosion, another major de- 
structive attack encountered in Naval 
service, is the result of the combination 
of corrosion and mechanical action. Tur- 
bulence, fluid impingement, suspended 
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solids and other mechanical and abra- 
sive factors greatly accelerate corrosion 
rates. Some examples of equipment that 
are especially subject to this type of 
attack will emphasize the serious nature 
of the problem: pumps, valves, agitators, 
pipe lines, heat exchanger tubes and 
propellers all are susceptible. 

If it is realized that most metals and 
alloys depend upon some sort of pro- 
tective surface (oxide film, corrosion 
product, coatings) for corrosion resist- 
ance, then it easily is seen that destruc- 
tion of these surfaces by mechanical ac- 
tion and the continuous exposure of 
fresh metal will result in a rapid deteri- 
oration. One type of erosion-corrosion 
attack often encountered in naval ves- 
sels is impingement and cavitation cor- 
rosion. 

Impinging streams of water contain- 
ing entrained gases (bubbles) and cavi- 
tation effects, a consequence of the dam- 
age resulting from the formation and 
collapse of cavities in the liquid at a 
solid-liquid interface, cause particular 
difficulties with corrosion of ship pro- 
pellers. Concentration cell effects are 
associated closely with this type of at- 
tack. 


Galvanic Corrosion 


Galvanic corrosion is the best illus- 
tration of truly electrochemical corro- 
sion and is responsible for many of the 
major corrosion problems. In a broad 
sense, it includes many of the other 
corrosion types. The electrochemical 
contact of two dissimilar metals in an 
electrolytic medium will result in a 
potential difference between the two, 
and a flow of current will occur. Such 
dissimilar metallic contacts commonly 
occur where fasteners, bolts, nuts, and 
screws are used, or when porous metal 
coatings are applied. The electrochemical 
reactions occurring at these metal elec- 
trodes result in accelerated action at 
one metal and decreased action at the 
other as compared to their open circuit 
corrosion behavior. : 

The familiar Electromotive Force 
Series is often useful .in predicting the 
approximate behavior of. such reactions. 
The metals high in the series (base 
metals-anodic) are less corrosion resist- 
ant than those at the bottom (the noble 
or cathodic metals). However, surface 
conditions such as oxides, gas films, or 
other passive films, often cause devia- 
tions from “standard” potentials, and 


Fig. 2—Photomicrographs of an aluminum alloy casting showing severe corrosion and 
penetration. Note the complete separation of grains. 
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unless the EMF series is intelligently 
used it may lead to erroneous interpre- 
tations, 

Galvanic corrosion usually occurs as 
localized attack near the points of con- 
tact and may cause rapid failure though 
little corrosion is found elsewhere. Gal- 
vanic corrosion or couple action also 
may occur as a result of the existence 
ot local cells due to the presence of 
impurities, surface inhomogeneities, and 
concentration cell effects. The princi- 
ples of galvanic corrosion often are 
made use of in combating corrosion by 
cathodic protection (described in greater 
detail subsequently). The effects of gal- 
vanic corrosion may be minimized by 
using combinations of materials with 
similar electrode potentials in the medi- 
um in which they will be exposed; in- 
sulation of joints; ensuring that the 
noble metal has a smaller area than the 
metal subject to attack (anode) ; paint- 
ing both metals or the noble metal by 
itself. 


Concentration Cells 


Concentration cell corrosion, a type 
somewhat similar to that just discussed, 
occurs when one metal is immersed in, 
or in contact with different concentra- 
tions of its environment. Localized at- 


Fig. 3—A cross-section of a brass pipe 

which has been buried underground reveal- 

ing the nature of dezincification. In some 

areas, it has progressed completely through 
the pipe wall. 
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Fig. 4—Photomicrograph of one of the de- 
zincified areas of Figure 3 showing islands 
of the original alpha brass in a matrix of 
porous copper. 


tack occurs in a manner similar to that 
of galvanic corrosion. Metal ion con- 
centration cells or oxygen concentra- 
tion cells, which may exist simultane- 
ously, are both well known types. This 
type of corrosion often is associated with 
crevices, scale and surface deposits. 


Stress-Corrosion 


Stress-corrosion or accelerated corro- 
sion resulting from the combination of 
corrosion and _ stress, either internal 
(residual) or externally applied stresses, 
is probably the least understood of all 
corrosion mechanisms. The well known 


Fig. 5—Destructive action of erosion-cor- 
rosion on stainless steel pump impeller. 
(Courtesy Dr. M. G. Fontana.). 
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Fig. 6—Impingement attack on elbow in 
steam line. (Courtesy of Dr. M. G. Fon- 
tana. ). 


“season-cracking” of cartridge cases and 
caustic embrittlement of steam boilers 
are familiar examples of this type of 
corrosion. Stress-corrosion manifests it- 
self by the formation of cracks along 
localized paths, generally intercrystal- 
line in nature, although in some alloy 
systems they may be transcrystalline. 
There is no universally accepted 
mechanism of stress-corrosion although 
it generally is supposed to be electro- 
chemical in nature because of the exist- 
ence of microstructural anodic and 
cathodic areas. These local cells may 
result from a difference in chemical 
composition between the grain bounda- 
aries and the interior of the grain or 
from local stress (strain) conditions. 
High zinc-brasses, aluminum alloys and 
stainless steels are susceptible to stress- 
corrosion. Once attack occurs, the pres- 
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Fig. 7—Diagrams showing typical cond:- 
tion for concentration cells. (The Interna- 
tional Nickel Co., Inc.). 


ence of stress accelerates the corrosion 
to a marked degree. Stress-corrosion is 
a most insidious type of attack. It often 
is not detected until failure occurs. Fac- 
tors influencing stress corrosion are de- 
gree and nature of stress concentration, 
nature of corrosion environment, tem- 
perature and internal-metal structure. 
Stress-corrosion often may be prevented 
by stress-relieving heat treatments, use 
of protective coatings, surface compres- 
sive stresses, cathodic protection and 
proper design of equipment. 


Corrosion-Fatigue 


Corrosion-fatigue, another problem 
extensively experienced in naval appli- 
cations, is similar to stress-corrosion in 
that it is a combination of stress and 
corrosion. The damaging effect of the 
simultaneous action of corrosion and 
cylic stresses on metals often is greater 
than the sum of the individual damage 
arising from cylic stresses and corro- 
sion. Corrosion-fatigue progresses 


Fig. 8.—Stress-corrosion cracks in brass disk’ 
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CORROSION 


through the formation of deep, sharp 
pits which become the origin of cracks 
and subsequent failure. 

Often associated with  corrosion- 
fatigue is the rapid corrosion that oc- 
curs at the interface between contacting, 
highly-loaded metal surfaces subjected 
to slight relative (vibratory) motions 
known as fretting corrosion. It is char- 
acterized by deep pits and surface dis- 
coloration. Because it affects loaded 


surfaces, its effects frequently are catas- 
trophic. As higher stresses in machine 
parts are employed, frequent trouble 
from fretting corrosion may be antici- 
pated. 


Fig. 9—Photomicrograph in area of one of 
the cracks on Figure 8 showing intergranu- 
lar nature of crack. 


High Temperature Corrosion 
and Oxidation 


A type of corrosion which is becoming 
increasingly important to the Navy is 
high temperature corrosion and oxida- 
tion. As with all other chemical reac- 
tions, an increase in temperature results 
in a similar increase in the rate of cor- 
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Fig. 10.—Photomicrograph of brass speci- 
men which underwent severe stress-corro- 
sion showing intergranular nature of cracks. 


rosion, as well as introducing other 
concomitant factors. High-temperature 
oxidation or high-temperature reactions 
with sulfur and the halogens may, at 
first glance, seem to be simple chemical 
combination reactions. However, it now 
is clearly recognized that oxidation and 
tarnishing electrochemical phe- 
nomena. Metal ions have been demon- 
strated to diffuse outward through the 
oxide (sulfide or halide) film as well 
as the less frequent diffusion of reactant 
(gaseous) ions inward. A growing film 
may be compared to a current-producing 
cell with the metal-film interface (as 
anode) supplying cations and electrons 
for outward diffusion and with the at- 
tacking substance-film interface (as 
cathode) supplying the anions for in- 
ward diffusion. The film acts as both 
the internal and external circuit of a 
closed cell. 


METHODS OF CONTROL 


As a result of the destructive effects 
of the corrosion phenomena described 
above, numerous methods of corrosion 
control have been developed empirically 


to facilitate the practical and satisfac- 
tory service application of metals and 
alloys. The choice of control method to 
meet a specific corrosion problem is 
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determined by the economics involved, 
feasibility of control application and 
the intended service life. Several meth- 
ods to control and prevent corrosion are 
described below. 


Cathodic Protection 


As previously mentioned, one method 
extensively utilized for the prevention 
of corrosion or for minimizing the rate 
of corrosion makes use of the basic prin- 
ciples of galvanic corrosion. Cathodic 
protection is accomplished by supplying 
a flow of current to a metal surface, 
either by means of a galvanic coupling 
or by an external current source such 
that the electrochemical corrosion reac- 
tions, operating because of local cells 
on the surface, either are stifled or 
neutralized. Cathodic protection thus 
may be divided into two general classes: 
protection by the use of sacrificial 
anodes or protection resulting from im- 
pressed currents. Galvanized (zinc- 
coated) steel is a most familiar exam- 
ple of cathodic protection utilizing the 
metallic zinc coating as a sacrificial 
anode. At any break in the zinc coating 
which is in contact with the corrosion 
environment, current is generated by 
the zinc-iron galvanic cell. The current 
flow is such that zinc is the anode and 
corrodes preferentially cathodically pro- 
tecting the steel. Any bare spots on the 
steel surface will be protected by the 
surrounding areas of zinc. Sacrificial 
external anodes of zinc and magnesium 
are widely used to protect buried pipe 
lines and hot and cold water tanks. 
The Navy makes use of similar meth- 
ods to protect ship and submarine hulls, 
aircraft and ballast tanks. 

An impressed current from an exter- 
nal source accomplishes the same re- 
sults by neutralizing the local currents 
produced by the numerous local cells 
existing on the surface. The applied 
current enters into the metal over the 
entire area in a direction opposite to the 
local cell currents and thereby minimizes 
corrosion. 


Metallic Coatings 


In addition to metallic coatings used 
for cathodic protection, non-sacrificial 
metallic coatings (e.g., copper or nickel 
on iron) are often employed to serve 
as physical barriers to the corrosive en- 
vironment. However, such non-sacri- 
ficial coatings must be well bonded to 
the base metal, dense and free of pores 
in order to afford effective protection. 
If breaks exist in the coating, electrolytic 
action will occur at the local cells and 
the current flow will serve to increase 
corrosion of the base metal, since the 
latter is anodic to the coating. The type 
of corrosive medium or environment is 
most important. For example, aluminum 
is cathodic to iron in fresh water and 
can be used as a protective coating only 
if pore free, but in sea water the alumi- 
num reverses its potential and acts as 
a sacrificial anode, cathodically protect- 
ing the iron. Temperature is also im- 
portant, since polarity reversals have 
been noted with temperature changes, 
zinc being a well known example. Thus, 
again it is essential to emphasize the 
limited utility of the Electromotive 
Force Series in predicting the galvanic 
behavior of metal couples in various 
corrosion environments. 


Non-Metallic Coatings 


Non-metallic coatings, including 
paints, lacquers, organic and inorganic 
coatings, serve largely to isolate the 
metal from the corrosion environment 
and limit diffusion of both moisture and 
oxygen. They often are used in conjunc- 
tion with cathodic protection and inhib- 
itors. 

Organic inhibitors are believed to 
afford corrosion protection by adsorbing 
on the metal surface and forming a 
tightly bound mono-molecular film or 
monolayer of ions. These inhibitors alter 
the surface potential slightly and func- 
tion by diminishing the rate at which 
hydrogen ions or other ions can reach 
the metal surface. Passivators (e.g., red 
lead and zine chromate), on the other 
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hand, function by making the potential 
of the metal in contact with the solu- 
tion more noble. It has been postulated 
that they strongly adsorb on the metal 
surface and satisfy secondary valence 
forces, thus diminishing the reactivity 
of the metal. Passivators are charac- 
teristically oxidizing compounds or 
strong electron adsorbers. Vapor phase 
organic inhibitors and rust preventives 
recently have been developed in an effort 
to expand Naval use of inhibitors to 
control corrosion of equipment. 

Oxide coatings, ceramic coatings, rub- 
ber, glass and phosphate coatings are 
also examples of non-metallic coatings 
which are protective. 

Deaeration of the liquid environment 
also has resulted in markedly reducing 
corrosion losses in boilers, condenser 
systems and other similar apparatus. 
Alterations of the corrosion environ- 
ment by other suitable means may also 
result in effective corrosion control. 


Purification of Metals 


Metal purification has successfully im- 
proved the corrosion resistance of alu- 
minum and magnesium. The removal of 
minor detrimental impurities, such as 
iron and nickel, from magnesium has 
markedly increased its corrosion resist- 
ance such that pure magnesium is virtu- 
ally unattacked by sea water. Purifica- 
tion reduces the number of local cells 
and consequently avoids galvanic action. 
In the case of iron, where the amount 
of oxygen in solution is important and 
oxygen concentration cells may be pres- 
ent, purification has not resulted in a 


great improvement in corrosion resist- 
ance to sea water. 


Alloying for Chemical Resistance 


Alloying for chemical resistance is a 
popular means for obtaining corrosion 
control. The applications of stainless 
steel, Duriron and other corrosion- 
resistant alloys are too well known to go 
into further detail. The mechanism of 
their corrosion resistance, however, is 
of great theoretical and practical im- 
portance. The “passivity” of these alloys 
is, and has been, a subject of much re- 
search and will be discussed further in 
subsequent paragraphs. Alloying also 
has been of great value in the develop- 
ment of oxidation-resistant materials 
capable of withstanding high tempera- 
tures. 

One other important method of pro- 
viding control of corrosion is the utiliza- 
tion of adequate equipment design. 
Proper care in design to avoid crevices 
and concentration cells, opportunities 
for stagnant areas, high localized stress 
areas, hot spots, and to insure proper 
drainage and surface contouring will do 
much to retard avoidable corrosion and 
improve equipment life and operating 
costs. 

It is not to be considered that the 
corrosion reactions and methods for 
their control discussed above are unique 
to the Navy. They are encountered in 
many other industries and operating en- 
vironments. The experiences and prac- 
tices encountered elsewhere have been 
of tremendous value in assisting corro- 
sion control throughout the Navy and 
obviously the reverse is also true. 


SECTION II 


In order that the corrosion projects 
and problems currently being studied 
under Office of Naval Research sponsor- 
ship may be feasibly discussed, the over- 
all program arbitrarily has been classi- 
fied into the following general group- 
pings: 
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Passivity and Film Formation 
Studies. 

Inhibitor and Passivator Studies. 
Galvanic Corrosion Studies. 
General Corrosion Studies, and 
High Temperature Oxidation and 
Corrosion Studies. 
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PASSIVITY AND FILM FORMATION 


Most metals and alloys depend upon 
the formation of protective surface films 
(passivation) for successful use under 
corrosive conditions at normal and ele- 
vated temperatures. Breakdown of these 
films results in corrosion failure. It is 
obvious, therefore, that a knowledge of 
the mechanisms of passivation and the 
factors influencing the formation, na- 
ture and breakdown of protective films 
is essential to the complete understand- 
ing of corrosion phenomena and the ex- 
planation of why metals do or do not 
corrode. Since the time of Faraday, the 
phenomenon of passivity has been the 
subject of a great deal of experimenta- 
tion and speculation with no completely 
acceptable theory proposed. The recent 
issue of the Corrosion Handbook de- 
fines passivity in the following two 
ways: “A metal or alloy active in the 
EMF series is considered passive when 
its electrochemical behavior becomes 
that of an appreciably less active or 
noble metal”; or “A metal or alloy is 
passive if it substantially resists corro- 
sion in an environment where, thermo- 
dynamically, there is a large free energy 
decrease associated with its passage 
from the metallic state to appropriate 
corrosion products.” 

At the present time two theories of 
passivity predominate. One, The Gen- 
eralized Film Theory attributes passivity 
to the formation of a protective film. 
Though most proponents of this theory 
believe the protective film is an oxide 
layer, others have presented experi- 
mental evidence which indicates that 
adsorbed gases (physically or chemi- 
adsorbed) also may promote passivation. 
Adsorbed films are thought to result in 
corrosion resistance by the satisfaction 
of surface secondary valence forces. The 
second theory, the Electron Configura- 
tion Theory, centers about the fact that 
most metals which exhibit passivity are 
those in the transition groups of the 
periodic table. The atoms of these ele- 


ments (Cr, Ni, Fe, Mo, etc.) are char- 
acterized by incomplete inner shell 
(d electron) energy levels and by un- 
filled d energy bands in the metallic 
state. The state of passivity is ascribed 
to the condition of unfilled d bands in 
the metal or alloy, and the active state 
to the situation that in effect fills the d 
band with electrons. Thus, adsorbed 
oxygen or adsorbed oxidizing substances 
accompany maximum passivity because 
they are electron adsorbers and do not 
supply electrons to the metal surface 
atoms. 

The passivity of alloys (e.g. Fe-Cr 
stainless steels) is attributed to an elec- 
tron sharing mechanism between the 
atoms (e.g. iron and chromium) in the 
lattice. The mechanism for the increased 
nobility of potential and the decreased 
reactivity of passive metals and alloys 
is considered to reside largely in the 
surface-metal atoms, although in alloys 
electron interaction (sharing) occurs 
throughout the metal. However, it is 
the electron configuration of the surface 
metal atoms that determines the degree 
of reaction with a corrosive environ- 
ment. 

Passivation may result from such re- 
actions in accordance with the second 
definition of passivity stated above due 
to the formation of protective layers of 
reaction product. In some cases, adsorp- 
tion may occur, rather than reaction, 
which may promote passivation by the 
mechanism previously discussed. Ad- 
sorption or compound formation (reac- 
tion) is a function of the ratio of the 
energies involved in the work function 
of the metal (a measure of the heat of 
evaporation of electrons from a metal 
surface) and the heat of sublimation of 
the metal. When the work function is 
small and the ratio of work function to 
the heat of sublimation is equal to or 
less than one, adsorption and passivity 
will occur. When the energy necessary 
to dislodge an atom from the lattice is 
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small and the ratio of work function to 
heat of sublimation is greater than one, 
then reaction will occur. Metals passive 
by the consideration of the Electron 
Configuration Theory may be considered 
to be covered with a monoatomic or 
monomolecular film. Thicker films of 
oxides or other compounds are not in- 
cluded as part of the essential mechan- 
ism of passivity. In a broad sense, this 
theory may be considered as a general- 
ized theory which includes the film 
theory as a specialized situation depend- 
ing upen surface electronic configura- 
tion. 

-Recently, an unified mechanism of 
passivity and inhibition, based on the 
behavior of local elements in metal sur- 
faces, has been developed.2 This mech- 
anism suggests that passivity may be 
achieved: either by: a) reduction of the 
open circuit potential differences be- 
tween the local anodes and cathodes, 
b) increased anodic polarization, c) in- 
creased cathodic polarization, or d) a 
combination of these factors. 

Under an Office of Naval Research 
contract, Professor H. H. Uhlig of the 
Massachusetts Institute of Technology, 
a leading’ proponent of the Electron 
Configuration Theory, is studying the 
“Effect of Electron Sharing and Inter- 
metallic Compound Formation on the 
Corrosion of Metals.” The purpose of 
this project is to study the fundamental 
factors relative to electron-sharing and 
compound formation in several of the 
binary and ternary alloys in order to 
initiate a science of alloying with re- 
spect to the chemical properties of metal 
systems. The study will extend the Elec- 
tron Configuration Theory of passivity 
and perform critical experiments de- 
signed to test its validity. Two phases 
of electron sharing have been initiated, 
namely the investigation of the chemical 
and physical properties of intermetallic 
compounds of magnesium (with Group 
IV B elements) and the study of the 


_chemical properties of adsorbed metal 


films. 
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Studies recently have been completed 
on the compounds Mg,Sn and Mg,Sb. 
Some recent publications*:* report on 
the measurement of electrical conductiv- 
ity and thermoelectric power of magne- 
sium-tin and magnesium-lead alloys, to- 
gether with the compounds Mg,Sn and 
Mg.Pb, as functions of temperature and 
composition ; and the quantitative evalu- 
ation and comparison of chemical prop- 
erties of the alloys and compounds, in- 
cluding the measurement of solution 
potentials, rates of oxidation at high 
and low temperatures, rates of reaction 
in electrolytes, and reaction mechanisms. 

It has been shown that Mg,Sn is an 
electronic semi-conductor, i.e., the con- 
ductivity increases as an exponential 
function of temperature, whereas the 
temperature dependence of resistivity of 
Mg,Pb is that of a normal metal. Both 
compounds are more reactive than mag- 
nesium when subjected to high tem- 
perature oxidation (350°-500°C). The 
solution potential measurements show 
that the potential is strongly dependent 
on the electrolyte. The corrosion reac- 
tion, in the absence of air, may be sum- 
marized as follows: 

Mg,Sn + 4H,0 = 

2Mg(OH), + Sn + H,O 
In pure water, single crystals of Mg,Sn 
break down into geometric fragments. 
The rate of breakdown is a function of 
the hydroxyl ion concentration and oc- 
curs in the absence of stress. 

The research on the study of Mg-Sn 
and Mg-Pb compounds is being ex- 
tended to include Mg-Si and Mg-Ge so 
that the type of intermetallic bonding 
may be correlated with chemical and 
physical properties, especially passivity. 

The promotion of passivity by ad- 
sorbed metal films is being studied ini- 
tially with the iron-chromium system. 
Thin films of iron are deposited on 
chromium by evaporation and the iron 
film is then exposed to reagents, such 
as nitric acid. The residual iron made 
passive by electron interaction with the 
underlying chromium is detected either 
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PASSIVITY AND FILM FORMATION 


Most metals and alloys depend upon 
the formation of protective surface films 
(passivation) for successful use under 
corrosive conditions at normal and ele- 
vated temperatures. Breakdown of these 
films results in corrosion failure. It is 
obvious, therefore, that a knowledge of 
the mechanisms of passivation and the 
factors influencing the formation, na- 
ture and breakdown of protective films 
is essential to the complete understand- 
ing of corrosion phenomena and the ex- 
planation of why metals do or do not 
corrode. Since the time of Faraday, the 
phenomenon of passivity has been the 
subject of a great deal of experimenta- 
tion and speculation with no completely 
acceptable theory proposed. The recent 
issue of the Corrosion Handbook de- 
fines passivity in the following two 
ways: “A metal or alloy active in the 
EMF series is considered passive when 
its electrochemical behavior becomes 
that of an appreciably less active or 
noble metal”; or “A metal or alloy is 
passive if it substantially resists corro- 
sion in an environment where, thermo- 
dynamically, there is a large free energy 
decrease associated with its passage 
from the metallic state to appropriate 
corrosion products.” 

At the present time two theories of 
passivity predominate. One, The Gen- 
eralized Film Theory attributes passivity 
to the formation of a protective film. 
Though most proponents of this theory 
believe the protective film is an oxide 
layer, others have presented experi- 
mental evidence which indicates that 
adsorbed gases (physically or chemi- 
adsorbed) also may promote passivation. 
Adsorbed films are thought to result in 
corrosion resistance by the satisfaction 
of surface secondary valence forces. The 
second theory, the Electron Configura- 
tion Theory, centers about the fact that 
most metals which exhibit passivity are 
those in the transition groups of the 
periodic table. The atoms of these ele- 


ments (Cr, Ni, Fe, Mo, etc.) are char- 
acterized by incomplete inner shell 
(d electron) energy levels and by un- 
filled d energy bands in the metallic 
state. The state of passivity is ascribed 
to the condition of unfilled d bands in 
the metal or alloy, and the active state 
to the situation that in effect fills the d 
band with electrons. Thus, adsorbed 
oxygen or adsorbed oxidizing substances 
accompany maximum passivity because 
they are electron adsorbers and do not 
supply electrons to the metal surface 
atoms. 

The passivity of alloys (e.g. Fe-Cr 
stainless steels) is attributed to an elec- 
tron sharing mechanism between the 
atoms (e.g. iron and chromium) in the 
lattice. The mechanism for the increased 
nobility of potential and the decreased 
reactivity of passive metals and alloys 
is considered to reside largely in the 
surface-metal atoms, although in alloys 
electron interaction (sharing) occurs 
throughout the metal. However, it is 
the electron configuration of the surface 
metal atoms that determines the degree 
of reaction with a corrosive environ- 
ment. 

Passivation may result from such re- 
actions in accordance with the second 
definition of passivity stated above due 
to the formation of protective layers of 
reaction product. In some cases, adsorp- 
tion may occur, rather than reaction, 
which may promote passivation by the 
mechanism previously discussed. Ad- 
sorption or compound formation (reac- 
tion) is a function of the ratio of the 
energies involved in the work function 
of the metal (a measure of the heat of 
evaporation of electrons from a metal 
surface) and the heat of sublimation of 
the metal. When the work function is 
small and the ratio of work function to 
the heat of sublimation is equal to or 
less than one, adsorption and passivity 
will occur. When the energy necessary 
to dislodge an atom from the lattice is 
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small and the ratio of work function to 
heat of sublimation is greater than one, 
then reaction will occur. Metals passive 
by the consideration of the Electron 

Configuration Theory may be considered 
to be covered with a monoatomic or 
monomolecular film. Thicker films of 
oxides or other compounds are not in- 
cluded as part of the essential mechan- 
ism of passivity. In a broad sense, this 
theory may be considered as a general- 
ized theory which includes the film 
theory as a specialized situation depend- 
ing upen surface electronic configura- 
tion. 

.Recently, an unified mechanism of 
passivity and inhibition, based on the 
behavior of local elements in metal sur- 
faces, has been developed.? This mech- 
anism suggests that passivity may be 
achieved: either by: a) reduction of the 
open circuit potential differences be- 
tween the local anodes and cathodes, 
b) increased anodic polarization, c) in- 
creased cathodic polarization, or d) a 
combination of these factors. 

Under an Office of Naval Research 
contract, Professor H. H. Uhlig of the 
Massachusetts Institute of Technology, 
a leading proponent of the Electron 
Configuration Theory, is studying the 
“Effect of Electron Sharing and Inter- 
metallic Compound Formation on the 
Corrosion of Metals.” The purpose of 
this project is to study the fundamental 
factors relative to electron-sharing and 
compound formation in several of the 
binary and ternary alloys in order to 
initiate a science of alloying with re- 
spect to the chemical properties of metal 
systems. The study will extend the Elec- 
tron Configuration Theory of passivity 
and perform critical experiments de- 
signed to test its validity. Two phases 
of electron sharing have been initiated, 
namely the investigation of the chemical 
and physical properties of intermetallic 
compounds of magnesium (with Group 
IV B elements) and the study of the 
chemical properties of adsorbed metal 
films. 
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Studies recently have been completed 
on the compounds Mg,Sn and Mg,Sb. 
Some recent publications*»* report on 
the measurement of electrical conductiv- 
ity and thermoelectric power of magne- 
sium-tin and magnesium-lead alloys, to- 
gether with the compounds Mg,Sn and 
Mg,Pb, as functions of temperature and 
composition ; and the quantitative evalu- 
ation and comparison of chemical prop- 
erties of the alloys and compounds, in- 
cluding the measurement of solution 
potentials, rates of oxidation at high 
and low temperatures, rates of reaction 
in electrolytes, and reaction mechanisms. 

It has been shown that Mg,Sn is an 
electronic semi-conductor, i.e., the con- 
ductivity increases as an exponential 
function of temperature, whereas the 
temperature dependence of resistivity of 
Mg,Pb is that of a normal metal. Both 
compounds are more reactive than mag- 
nesium when subjected to high tem- 
perature oxidation (350°-500°C). The 
solution potential measurements show 
that the potential is strongly dependent 
on the electrolyte. The corrosion reac- 
tion, in the absence of air, may be sum- 
marized as follows: 

Mg,Sn + 4H,O = 

2Mg(OH), + Sn+H,O 
In pure water, single crystals of Mg,Sn 
break down into geometric fragments. 
The rate of breakdown is a function of 
the hydroxyl ion concentration and oc- 
curs in the absence of stress. 

The research on the study of Mg-Sn 
and Mg-Pb compounds is being ex- 
tended to include Mg-Si and Mg-Ge so 
that the type of intermetallic bonding 
may be correlated with chemical and 
physical properties, especially passivity. 

The promotion of passivity by ad- 
sorbed metal films is being studied ini- 
tially with the iron-chromium system. 
Thin films of iron are deposited on 
chromium by evaporation and the iron 
film is then exposed to reagents, such 
as nitric acid. The residual iron made 
passive by electron interaction with the 
underlying chromium is detected either 
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by chemical analysis or by use of radio- 
active isotopes. Precise determination 
of the thickness of the residual iron pas- 
sivated by contact with the chromium 
will be made. The study later will be 
extended using evaporated films of cop- 
per and zinc. It is hoped that such work 
will give a clear insight into the mech- 
anism of passivity in the stainless and 
related alloys. Research on the chemical 
behavior of metal films formed in vacu- 
um and the effect of adsorbed sub- 
stances, such as gases, on the corrosion 
characteristics of these films also is 
underway. 

As part of the study of the nature of 
passivity in the stainless steels, the in- 
fluence of surface treatment on the vari- 
ation of potential of 18-8 with time is 
under investigation. It is believed that 
interstitial hydrogen may be a factor 
promoting this time-dependence behav- 
ior of the observed potential, and the 
effect of absorbed hydrogen on the 
changing potential will be evaluated. 

The passivity of stainless steels also 
is being studied by Professor M. G. 
Fontana of Ohio State University as 
part of his ONR program, “Funda- 
mental Studies of Corrosion.” The major 
objective of this research program is 
the study of the formation, breakdown 
and nature of surface films formed dur- 
ing the corrosion of metals at normal 
and elevated temperatures. 

The results of these studies, thus far, 
indicate that 18-8S stainless steel can be- 
come passive by means of a physically 
adsorbed gas.*» ® At room temperatures, 
specimens of this alloy display passivity 
upon exposure to air and lose passivity 
upon exposure to reduced pressure 
(vacuum). This process is reversible in 
that the alloy can be passivated, broken 
down, repassivated, broken down and so 
on, by alternate exposure to air and 
vacuum. The ready breakdown of the 
passivity under vacuum at room tem- 
perature indicate physical adsorption. 
Oxides or chemisorbed gases would be 
considerably harder to remove or break 
down and would probably require ele- 


vated temperatures. Electron-diffraction 
studies also reveal no oxide film present 
on the surface. A diffuse and unidenti- 
fied pattern was obtained which may be 
a hydrous oxide of nickel or chromium. 
This material may be of assistance in 
providing a surface that readily adsorbs 
gases. It was found that the most effec- 
tive passivation treatment of all those 
investigated was exposure to boiling 
sulfuric acid followed by exposure to 
air. Air passivation is regarded by Dr. 
Fontana as the true passivation of stain- 
less steels. Vacuum breakdown of the 
passive films is pressure and time sensi- 
tive. The time for breakdown increases 
as the pressure increases, and there may 
be a critical pressure above which the 
films would not break down. Electron 
diffraction studies of sulfuric acid-air 
formed films show no changes taking 
place in the film as a result of prolonged 
air exposure. 

Interestingly enough, the 18-8 stain- 
less steel also was passivated by expo- 
sure to nitrogen, helium gas containing 
1.5% nitrogen, and argon. Conclusive 
demonstration of these effects would 
provide strong support for this new 
theory involving a physically adsorbed 
gas. Gas adsorption studies on metal 
filings are underway to determine which 
gases and how much gas can be adsorbed 
at room temperature. 

The passive film formed in boiling, 
distilled water does not break down 
under reduced pressure. It was also 
found that cold worked stainless steels 
cannot be passivated by the above meth- 
ods. 

Film stripping studies and electrolytic 
passivation studies have been initiated 
to study the structure of the films and 
potential breakdown measurements and 
erosion-corrosion tests are being used 
to follow the breakdown of the passive 
films. Recent work has indicated that 
potential-time studies recording the 
characteristics of the specimen while 
undergoing an actual corrosion test are 
more informative and applicable to the 
study of passivation than potential break- 
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down measurements. Potential-time stud- 
ies of active and passivated 18-8S stain- 
less steel produced four general types 
of curves. One represented the active 
state while the others indicated three 
degrees of passivity: adsorbed films of 
a physical and chemical nature and oxide 
film. 

A third aspect of passivity of metals 
is under investigation by Dr. N. Hacker- 
man of the University of Texas as one 
phase of this research program on “Ex- 
change Adsorption.” 

The passivity of chromium has been 
studied? by treating electrolytically de- 
posited chromium surfaces with nitric 
acid and subsequently oxidizing them 
in air at various temperatures. Electron 
diffraction observations were correlated 
with electrode potential measurements. 
The conclusions reached were that an 
oxide film was not the primary cause of 
the passivity of chromium unless a thick- 
ness of the order of a monolayer is 
considered as a true oxide. It was 
shown, however, that oxide films can 
alter appreciably the values of the meas- 
ured electrode potentials of the metal 
surface, although these noble potentials 
obtained with oxide films need not be 
identified with passivity. It appears that 
the rate of decay of the noble potential 
can be used in considering the “degree 
of passivity.” Thus the potential changes 
rapidly to a more basic value for the 
less truly passive metal. 

No evidence was obtained to indicate 
that an “oxide film” of monomolecular 
dimensions could not explain the behav- 
ior of the metal. The Electron Con- 
figuration Theory also explains the 
behavior of chromium satisfactorily, 
since this theory can be shown to ac- 
count for the existence of a monolayer. 

Dr. Hackerman also is studying the 
effect of chloride ions on passive metals. 
The extent and rate of association, or 
attachment, of chloride ions from aque- 
ous solution on chromium and on stain- 
less steel surfaces is being investigated 
by the use of radioactive chloride ion. 
It is well known that passive metals 
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become active toward corrosion in the 
presence of halide (particularly chloride) 
ions but the actual mechanism of chlo- 
ride induced corrosion still is not under- 
stood. It had been postulated that chlo- 
ride ion catalyzes the breakdowns of 
the electronic configuration of the sur- 
face metal atoms at certain local areas 
causing galvanic action to occur. Re- 
sults of this study, thus far, suggest the 
possibilities of a chemisorbed layer of 
chloride ions, and indicate the impor- 
tance of the chloride ion attachment as 
a factor in the destruction of passivity 
of chromium. The visible corrosion of 
the stainless steel samples increased 
with the amount of chloride ion on the 
surface as measured by “counting” 
techniques, and most extensive corro- 
sion was observed in the most concen- 
trated radioactive areas. Further work 
on this phase of the program is continu- 
ing. 

The adsorption of gases on low car- 
bon steel, stainless steel and chromium 
also is being studied to extend the ex- 
isting knowledge concerning passivity 
by increasing both the number of metals 
and gases investigated. Isotherms of 
oxygen and chloride adsorbed on 1020 
steel, stainless steel and chromium 
powder have been obtained, and those 
of carbon monoxide and the oxides of 
nitrogen currently are being determined. 
Isotherms were obtained on the powders 
after either baking, reducing with tank 
hydrogen, or reducing with deoxy- 
genated-hydrogen. The results, thus 
far, show general trends of increased 
adsorption in the order of chromium, 
stainless steel, 1020 steel and baked, 
plain hydrogen reduced and deoxy- 
genated-hydrogen reduced surfaces. In 
the case of chlorine, indications are 
strong that chemisorption occurs. 

Experiments are underway to deter- 
mine the exchange adsorption of chlo- 
rine gas on an oxygenated (passivated) 
chromium surface. Thus, the extent to 
which chlorine can replace oxygen and 
break the passive film will be deter- 
mined. 
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INHIBITORS AND PASSIVATORS 


The importance of inhibitors in pre- 
venting corrosion of metals is demon- 
strated by the widespread applications 
in metal cleaning, metal finishing and 
metal protection processes. It is agreed 
generally that corrosion inhibition by 
organic molecules is the result of the 
inhibitor molecule forming an adsorbed 
film over the metal which prevents pene- 
tration by corrosive agents and, there- 
tore, causes the surface to be less sus- 
ceptible to corrosive attack. However, 
the mechanism of the adsorption process, 
the effect of inhibitor molecule size and 
composition, and conditions surrounding 
the adsorbed layer in corrosive media 
are still unknown to a large extent. 
These factors are being studied by Dr. 
Hackerman, under the above contract, 
in a two-phase program of inhibitor ac- 
tion. The investigation of “The Adsorp- 
tion of Polar Organic Compounds on 
Steel Surfaces” is concerned with ad- 
sorption of polar organic molecules (or- 
ganic acids, alcohols, esters and amines ) 
irom a non-polar solvent, benzene, on 
metal surfaces which are relatively 
planar. Much of the past experimental 
work has been done on porous, high 
surface area solids. A method of meas- 
uring relatively small amounts of ad- 
sorption on planar surfaces has been 
developed and preliminary studies have 
been completed. A test to determine the 
effectiveness of various compounds as 
inhibitors has been devised and is being 
applied to all compounds studied. 

Another phase of this program is the 
“Study of Adsorption of Inhibitors from 
Solution” by means of an EMF method. 
Dr. Hackerman has postulated that ad- 
sorption of corrosion inhibitors takes 
place over the entire surface of metals. 
thus reducing the galvanic corrosion 
due to local anode and cathode areas.*: ® 
The adsorption of positive cationic inhib- 
itor materials (e.g., amines) results 
in equipotentialization of the surface by 
causing a displacement of electrons from 
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the metal (anodic area) toward the 
positively charged particle rather than 
toward the cathodic area and provides 
a diffusion or resistance barrier. To 
demonstrate this, time-potential curves 
at various inhibitor concentrations on 
anodically and cathodically polarized 
specimens as well as on unpolarized 
specimens were obtained. A study of the 
adsorption of amine inhibitors on copper 
and steel specimens indicated that ad- 
sorption at anodic spots actually may 
cause a decrease in solution tendency, 
whereas adsorption at cathodic regions 
probably inhibits by means of diffusion, 
resistance changes or overvoltage effects. 
Continued investigation of the “partial 
oxidation” theory is underway to further 
the elucidation of the nature of the 
adsorption processes on metals from 
solutions. 

The mechanism of inhibitor action 
afforded by the “passivator” group of 
compounds is being studied by Dr. Uhlig 
as part of his passivity research pro- 
gram. According to Uhlig?® passivators 
usually are oxidizing agents which pro- 
duce their effects by changing the po- 
tential of the base metal in a noble 
direction instead of producing merely a 
physical barrier to corrosion. The cor- 
rosion protection offered by chromates. 
hexametaphosphates, nitrites and other 
passivators is being investigated to gain 
a further insight into the true nature of 
passivator action. Corrosion rate studies, 
potential measurements surveys 
making use of radioactive isotopes are 
being employed. 

The investigation of the “Role of In- 
hibitor Films in Electrode Processes” 
was conducted by Dr. H. J. McDonald 
of the Illinois Institute of Technology. 
The chief objectives of this program 
were: a) to obtain polarization data on 
a number of representative metals, using 
anodic and cathodic inhibitors and, from 
the curves. determine if a scale of in- 
hibitor effectiveness could be formu- 
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lated; and b) to study the polarization 
characteristics of corrosion accelerators 
and contrast their behavior with that of 
corrosion inhibitors. 

Two instruments, the Pulse Polarizer 
and Scope Polarizer, were developed for 
the quantitative evaluation of inhibitors 
by determining their effect on the elec- 
trode polarization of metals. The Pulse 
Polarizer employs a system of electronic 
circuits to polarize an electrode over a 
brief time interval. The polarization and 
depolarization at the surface of the elec- 
trode are recorded continuously on a 
high-speed strip chart and show up as a 
curve which is distinctive for each set 
of conditions. The polarizing circuit 
consisted of a condenser (125 mid) 
which is charged to 310 volts. Dis- 
charge of this condenser brings about 
the polarization at the electrode surface. 
The polarization potential is amplified 
by means of an electronic DC — 
amplified and then recorded. 

Both anodic and cathodic ssalhilicaitiais 
may be studied with the apparatus, but 
for inhibitor studies, cathodic polariza- 
tion is of particular interest. The voltage 
applied is constant for each pulse, and 
the time interval during which the sur- 
face is polarized is between 0.05 and 
0.1 sec. When a pulse is applied, the 
potential first drops to a new value cor- 


responding to the polarization under ex- 
tremely high current density, then the 
curves return toward the normal poten- 
tial at various rates. A test usually is 
complete within several minutes. More 
detailed descriptions of the Pulse Polar- 
izer and the results of the studies of a 
large variety of inhibitors have been 
reported.'! 13-24 Tt was found that 
the Pulse Polarizer is useful in estab- 
lishing a relative scale of inhibitor effec- 
tiveness, but that complete interpreta- 
tion of the polarization curves often was 
difficult. 

In view of the difficulty of theoretical 
interpretation of the polarization curves, 
a study was undertaken on the “Influ- 
ence of Surface Films on the Electro- 
deposition of Hydrogen on Palladium” 
in order to obtain a clearer understand- 
ing of the factors governing polariza- 
tion phenomena and inhibitor effective- 
ness. It was found that the transmission 
of hydrogen through a palladium cath- 
ode depended largely upon the nature 
of the adsorbed surface film. Metallic 
films, severely reduced the transmission 
of hydrogen, whereas adsorbed organic 
films might also cause an increase in 
the transmission depending upon the 
adsorption behavior of the compound and 
film thickness. 


GALVANIC CORROSION 


As previously mentioned, galvanic 
corrosion is responsible for many major 
corrosion problems and generally is 
caused by dissimilar metal contacts or 
concentration cell effects. The subject 
of bimetallic corrosion has received con- 
siderable attention in the past, but it 
is still difficult to predict accurately the 
result of placing two metals in contact 
under a particular set of environmental 
conditions. The importance of environ- 
ment often has been overlooked, and 
little is known yet concerning the kinet- 
ics of the cathode reaction which is a 
corrosion-controlling process. In order 
to gain more insight into the compli- 


cated phenomena which occur during 
bimetallic corrosion, Dr. R. T. Koenig, 
of the University of Colorado studied 
“Bimetallic Corrosion in Neutral Elec- 
trolytes’” under Office of Naval Re- 
search contract. Two important factors 
influencing the amount and distribution 
of corrosion in bimetallic couples in 
neutral electrolytes were investigated : 
1. the relative areas of anodic and 
cathodic metal; and 
2. the varying composition and con- 
centrations of salt solutions. 
Partial and total immersion tests with 
numerous metallic couples using differ- 
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ent concentrations of sodium chloride 
and calcium chloride solutions are un- 
derway. These tests are being supple- 
mented by electrochemical studies of 
the oxygen depolarization reaction oc- 
curring at the various metal surfaces. 
Simple specimen shapes, utilizing cou- 
pling by means of threaded connections 
or by ring-plug combinations are being 
employed. The specimens are free from 
local strains and avoid the high elec- 
trical resistance generally encountered 
when external electrical connections are 
used for coupling. Anodes of zinc and 
iron have been coupled with copper, 
brass, stainless steel and other metals, 
and many data have been accumulated. 
It appears, thus, far, that the observa- 
tions made differ markedly from those 
that have been reported previously in 
the literature. For example, it was 
found that under conditions where hy- 
drogen evolution is of minor importance 
in determining the corrosion rate, there 
is no noticeable effect of the actual 
junction of two metals upon the distribu- 
tion or intensity of the resulting corro- 
sion. A report summarizing the results 


of the investigation will be available 
in the near future. 

The investigation and explanation of 
the phenomena occurring when a metal 
is placed in electrolyte, containing no 
ions of the exposed metal, is the objec- 
tive of the research program at Clark 
University, under the direction of Dr. 
D. MacGillavry, Jr. Little systematic 
research on this general problem, the 
nature and behavior of metal-solution 
phase-boundary potentials when no com- 
mon ion is present, has been conducted 
and no adequate theory to explain the 
phenomena exists. These are extremely 
important in the corrosion of metals 
under practical conditions. 

The research is in its early stages 
and it is planned, first, to develop tech- 
niques for the measurement of phase- 
boundary potentials; second, to deter- 
mine how these potentials depend on a 
number of experimental factors, espe- 
cially temperature, composition of the 
liquid phase, and composition of the 
electrode in case the metal is an alloy; 
and third, to use the experimental data 
as the basis for the theoretical explana- 
tion of the phenomena. 


GENERAL CORROSION STUDIES 


At the University of Oregon, Dr. P. 
Van Rysselberghe is studying corrosion 
phenomena using polarographic tech- 
niques. The polarographic method in- 
vented about 1925 by Jaroslav Heyro- 
sky, is based on the interpretation of the 
current-voltage curves that are obtained 
when solutions of electroreducible or 
electrooxidizable substances are electro- 
lyzed in a cell in which one electrode 
consists of mercury falling dropwise 
from a very fine bore capillary glass 
tube.1> From the unique characteristics 
of such current-voltage curves both the 
species and concentration of the electro- 
reducible or electrooxidizable substances 
present in the solution can be deter- 
mined. This sensitivity of the polaro- 
graph to minute concentration charges 
of reducible substances provides the 
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basis of rapid and sensitive corrosion 
tests by following the consumption of 
oxygen, carbon dioxide, etc., by metallic 
surfaces dipped in electrolytic solutions 
containing these agents. 

In Figure 11 is shown a schematic ar- 
rangement for measuring current-volt- 
age curves by the dropping mercury elec- 
trode, the polarograph. In this diagram, 
A is the electrolysis cell containing the 
solution to be analyzed, B is the drop- 
ping mercury, and C is a stationary 
pool of mercury on the bottom of the 
cell which serves as the second electrode. 
The dropping electrode consists of a 
drawn out capillary tube (whose in- 
ternal diameter at the tip is about 0.03 
mm) connected to a reservoir of mer- 
cury. Mercury drops issue from the 
capillary at the rate of about one drop 
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Figure 11—Schematic drawing of 
polarograph. 


every 2 to 4 seconds. The drops are 
very small, having a maximum diameter 
at the breaking point of about only 0.5 
mm. The cell is connected in series 
with a calibrated galvanometer, G, to 
a battery and rheostat, by means of 
which an electromotive force of the bat- 
tery can be applied to the cell. The 
current-voltage curves are obtained by 
gradually increasing the applied electro- 
motive force and noting the current in- 
dicated by the galvanometer. The cur- 
rent ordinarily is quite small, seldom 
exceeding 50 microamperes. A typical 
current-voltage curve, or polarogram of 
oxygen is shown in Figure 12. The po- 
tential at which the curve begins to 
show a rapid increase of current with 
a small increase in voltage is called 
the decomposition potential. The mid- 
point of the vertical portion is called 
the half-wave potential and the hori- 
zontal portion is the limiting current. 
The decomposition potential is charac- 
teristic of the substance and the height 
of the curve is a measure of its con- 
centration. The first current break is 
caused by the reduction of oxygen to 
hydrogen peroxide and the second, by 
the reduction of the hydrogen peroxide. 


It was established that percarbonates 
can form during the reduction of oxy- 
gen in the presence of carbon dioxide,® 
and on the basis of these studies the in- 
vestigation of the consumption of oxy- 
gen, carbon dioxide and their mixtures 
by various metals and alloys was under- 
taken. The technique was to expose the 
metal in a salt solution containing known 
amounts of carbon dioxide or oxygen 
or both and by the use of the polaro- 
graph to determine the rate of disappear- 
ance of these gases. Polarograms of 
these tests indicated the importance of 
hydrogen peroxide formation during 
corrosion of zinc and aluminum and the 
influence of carbon dioxide in retard- 
ing the corrosion of these metals. Fur- 
ther research on the role of hydrogen 
peroxide and percarbonic acid in corro- 
sion processes and on the application of 
polarographic techniques to the study ot 
the rates of corrosion of metals cur- 
rently is underway. 

The “Fundamental Studies of Corro- 
sion” program at Ohio State, in addi- 
tion to the passivity studies discussed 
previously and the high temperature 
film studies to be described later, also 
encompasses studies on the intergranular 
corrosion of stainless steels, including 
the effects of stabilizing and welding 
treatments, and studies on the corrosion 
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Figure 12—Oxygen polarogram. 
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of copper and copper base alloys. The 
latter study will investigate the influence 
of velocity, oxygen concentration, tem- 
perature and time on the corrosion and 
“passivation” of copper and copper base 
alloys in various media. As an initial 
step, the influence of these factors on 
the single electrode potential of copper 
in dilute sulfuric acid is being studied 
to determine the role of copper ion and 
the oxygen concentration cell in the 
corrosion of copper. Future research 
subjects include the application of radio- 
active tracers in fundamental corrosion 
studies; investigation of the corrosion 
of titanium and its alloys; thermogal- 
vanic corrosion; mechanism of internal 
oxidation and others. 

At the University of Utah, Dr. George 


Hill is studying the “Corrosion of 
Metals in Contact with Liquids” in the 
light of the theory that the role of 
various gases and salts dissolved in 
water is largely that of providing ions 
for the conduction of electric current. 
The validity of this theory and the deter- 
mination of the specific effects of par- 
ticular substances are being investigated 
by studying the influence of varying 
concentrations of SO,, Cl,, H,S, CO,. 
K,CrO,, ete., on the rate of corrosion of 
pure metals and alloys. The data will 
be interpreted in terms of Eyring’s 
“Theory of Absolute Reaction Rates” 
which will give the free energy, heat and 
entropy of activation of the rate deter- 
mining step, and an elucidation of the 
mechanism of the reactions. 


HIGH TEMPERATURE OXIDATION 


The corrosion and oxidation of metals 
and alloys at elevated temperatures are 
rapidly becoming problems of major 
importance to the Navy. The perform- 
ance of rockets, jet engines, guided mis- 
siles, etc., is dependent primarily upon 
the development of oxidation-resistant 
materials capable of withstanding ex- 
tremely high temperatures and the ero- 
sive effects of hot gases. In this field 
also, the Office of Naval Research is 
supplementing other alloy development 
programs with several fundamental re- 
search programs aimed at the better 
understanding of the mechanisms and 
kinetics of high temperature oxidation 
processes. 

Metals generally can be divided into 
two groups for consideration of their 
oxidation products. One group, com- 
posed of the lighter metals, forms porous 
oxides, which have a smaller volume 
than the equivalent metal consumed in 
producing these oxides. These metals 
generally exhibit a linear rate of oxida- 
tion at constant temperature. The sec- 
ond group, aluminum and the heavier 
metals, form protective, non-porous 
oxides of greater volume than the equi- 
valent metal consumed. Many metals of 


this group exhibit a parabolic oxidation 
rate (inversely proportional to the 
square root of time). Under some con- 
ditions, the oxidation process is pro- 
portional to the logarithm of time. 

Factors influencing the rate of oxi- 
dation and nature of the oxidation prod- 
uct are orientation of the base metal, 
lattice structure of the metallic sub- 
strate, metal composition, surface condi- 
tions and environment, and temperature. 
Although oxidation usually is considered 
a direct chemical reaction in which the 
rate is controlled by simple diffusion of 
the reacting atoms through a non-porous 
corrosion product film, recent work has 
demonstrated conclusively that oxida- 
tion may occur by metal ions diffusing 
outward through the film. This electro- 
lytic theory of oxidation compares the 
growing film to a current-producing 
cell in which the metal-film interface 
acts as the anode supplying cations and 
electrons for outward diffusion and the 
environment-film interface acts as a 
cathode supplying the anions for inward 
diffusion. The film acts as both the in- 
ternal and external circuit of a closed 
cell. 
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At the Illinois Institute of Tech- 
nology, Dr. D. D. Cubicciotti is study- 
ing the “Determination of the Kinetics 
ot Reactions of Metals with Gases at 
High Temperatures.” The direct meas- 
urement of the rates of gas-metal reac- 
tions is being made by means of a gas 
volumetric method with gas circulation 
under atmospheric or low pressure. 
Microbalance techniques are being em- 
ployed as an auxiliary method for equi- 
librium measurements and thin sheet in- 
vestigations. 

One of the initial phases of this pro- 
gram (which formerly was under the 
direction of Dr. H. J. McDonald) was 
the study of electropotentials in growing 
halide and oxide layers on metal.17 An 
electrode probe was developed which 
enabled the experimental determinations 
ot these electropotentials and the subse- 
quent calculation of the ionic transfer- 
ence numbers. The probe method proved 
to be a sensitive tool, responding to all 
tactors which influenced the transfer- 
ence numbers. The oxides on iron, stain- 
less steel, nickel, aluminum, zinc, molyb- 
denum and tungsten were found to be 
predominantly electronic (cationic) con- 
ductors. In anionically conducting scale, 
where the zone of growth was at the 
scale-metal interface, previous criteria 
were found to be inadequate. 

A study of the zone of metal phase 
consumption (locus between the initial 
surface of the metal and the surface 
of the retreating metal phase) revealed 
that even in the cases when a scale 
grows by outward diffusion of metal or 
metal ions, the scale also must grow on 
the other side towards the metal.18 The 
conditions of scale growth on both sides 
ot the scale are dissimilar ; consequently, 
the structure of the scale tends to be 
different in both layers formed. A proc- 
ess of cavity and column formation and 
exchange of oxygen in the zone of metal 
phase consumption was postulated. It 
also was noted that as a consequence 
of secondary processes, disassociation 
and recrystallization may be responsible 
for a third layer formation. 
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Current work under way includes the 
study of the effects of ionization of gases 
on oxidation rates at high temperatures 
and the determination of the rates of 
reactions of zirconium and _ beryllium 
with oxygen, nitrogen and oxides of 
nitrogen. 

As previously indicated, one phase 
of the “Fundamental Corrosion Re- 
search” program at Ohio State Univer- 
sity is concerned with the nature and 
protective value of surface films formed 
on metals and alloys at high tempera- 
tures. The composition and structure of 
these films are being investigated by 
chemical and metallographic examina- 
tion and by electron-diffraction studies. 
The mechanism and rate of formation, 
limiting temperatures and other perti- 
nent factors are being investigated. 
Such information is useful for predic- 
tion of the service life of alloys operat- 
ing at high temperatures and is valuable 
for the scientific development of im- 
proved alloys. 

Several of the stainless steel varieties 
have been exposed to varying oxygen 
atmospheres for different temperatures 
and time treatments, and the oxidation 
process followed by weight measure- 
ments and diffraction studies. Although 
considerable data have been accumulated, 
the analysis has not reached the point 
where definite conclusions have been 
drawn. Over short periods of time, for 
a number of the steels, oxidation pro- 
ceeds in accordance with a logarithmic 
rate, changing to the parabolic relation- 
ship with longer exposure time periods. 
One interesting observation of some 
preliminary studies of 18-8S at 1800° 
F. was that oxide films formed in low- 
oxygen atmospheres are more protective 
to further oxidation than scales formed 
in higher-oxygen atmospheres. This in- 
dicates the possibility of developing pre- 
induced films by pre-treatment for in- 
creased oxidation resistance. 

Somewhat similar studies are being 
conducted by Prof. H. J. Yearian at 
Purdue University under Project 
SQUID. The objective of this program 
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is the study of corrosion in connection 
with jet propulsion. The purpose of 
the research is to identify the corrosion 
products and to investigate the process 
of corrosion and its dependence on the 
chemical and physical properties of the 
materials and on the conditions of ex- 
posure. The formation, structure, prop- 
erties, and resistive function of oxides, 
formed in high temperatures, and gas- 
eous oxidation of ferrous alloys (in air 
and oxygen atmospheres) are being in- 
vestigated. 

Electron diffraction techniques are 
being used to study thin oxide films and 
the surface of thicker oxide layers. The 
diffraction patterns are obtained at tem- 
peratures of oxidation by means of spe- 
cial instrumentation. The physcial ar- 
rangements of the oxides in the scale 
layers will be studied by optical micro- 
scopy. X-ray-microradiography and 
photoelectric image formation methods. 
Electron microscopy will be used to 
study oxide formation relative to grain 
boundary precipitation of carbides and/or 
nitrides in high chrome steels. 

The high temperature oxidation prod- 
ucts formed in oxygen and in air on 
chromium steels, ranging from 5 to 26 
per cent chromium content, have been 
analyzed by X-ray diffraction. A reg- 
ular variation of phases present can be 
correlated with change in oxidation 
resistance. In contrast with pure iron, 
no FeO was found in the oxidation of 
iron-chromium alloys, indicating a pos- 
sible function of chromium in producing 
an oxidation resistant material. The re- 
sistance to oxidation generally decreases 
as the chromium content of the alloy is 
diminished and as the temperature is 
increased. A limited amount of work 
on the air oxidation of nickel-chromium 
steel also has been completed. 

These oxide “existence” studies in 
oxygen atmospheres at various tempera- 
tures and times, using X-ray analyses 
of bulk oxides, are continuing to deter- 
mine more definitely the correlation be- 
tween oxide structure and oxidation re- 
sistance. 
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Since it is recognized that the protec- 
tion afforded a metal by its oxide coat- 
ing may not be due to the bulk oxide 
acting as a mechanical barrier separat- 
ing the reactants, but rather to some 
special properties of a relatively thin 
layer, presumably next to the metal, a 
considerable portion of the research is 
being directed toward the investigation 
of the formation, structure and proper- 
ties of thin oxide films, using electron 
diffraction and electron-microscope tech- 
niques. For the diffraction studies, oxi- 
dation is being accomplished in situ in 
the diffraction camera. 

Film stripping techniques also are 
being utilized to examine thin films by 
transmission electron diffraction. The 
electrical properties of the protective 
oxide layers, as a function of composi- 
tion and temperature also will be in- 
vestigated. 

The diffusion mechanisms operating 
during oxidation processes are being 
studied as part of a large comprehen- 
sive program at Carnegie Institute of 
Technology on the “Kinetics of Reac- 
tion in the Solid State” under the direc- 
tion of Dr. R. F. Mehl. This program 
is making extensive use of radioactive 
tracers in the study of diffusion proc- 
esses, since the techniques are extremely 
adaptable to the study of diffusion mech- 
anisms in oxide films, thereby allowing 
the determination of the mechanisms of 
the scaling of metals. It is possible thus 
to determine whether it is iron or oxy- 
gen which diffuses through the oxide 
layer during the scaling of iron. A thin 
layer of radioactive iron is electroplated 
on a polished surface of pure iron and 
subsequently oxidized under controlled 
conditions. The distribution of radio- 
active iron through the scale indicates 
the nature of the diffusion process. 

Initial results already have indicated 
that the generally accepted mechanism 
of oxidation of iron is not sufficiently 
adequate and it is hoped that informa- 
tion derived from these studies, together 
with kinetic data now available in the 
literature will permit a complete recon- 
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sideration of the mechanism and kinet- 
ics of the scaling of iron. Future work 
will include the oxidation of copper and 
other metals. 

It is well known that most metals, in- 
cluding the common heat-resisting alloys 
suffer a progressive deterioration in 
strength and in ductility when they are 
stressed at high temperatures for a con- 
siderable length of time. Whether de- 
terioration is due solely to the effects 
of time, temperature and stress or 
whether atmosphere reactions are an 
important cause of deterioration has not 
been investigated thoroughly in the past. 
There is some evidence in the literature 
that atmosphere reactions have an im- 
portant effect on high temperature de- 
terioration of metals. For instance it has 
been shown that, during stress-rupture 
tests of steels in oxidizing atmospheres. 
the slope of the rupture-time curve 
(which is a straight line on a log-log 
plot) changes abruptly after a finite test 
time. The change of slope occurs at the 
same time as intergranular oxidation 
occurs, and generally the fracture 
changes from a ductile transcrystalline 
failure to a brittle intergranular type. 
The same metal tested in an oxygen-free 
atmosphere does not exhibit these charac- 
teristics. The effect of atmosphere reac- 
tions on heat-resisting alloys, a potenti- 
ally important problem in high tempera- 
ture power plants, has been investigated 
only to a limited extent and the results 
are not conclusive. 

In order to investigate these effects, 
Prof. O. C. Shepard at Stanford Uni- 
versity is studying the “Effects of At- 
mosphere Reaction on the Deterioration 
of Metals at Elevated Temperatures.” 
This program first will determine 
whether atmosphere reactions have an 
important effect on the stress-rupture 
properties of high-temperature alloys 
and then by the use of simple, pure metals 
determine the mechanism and nature of 
these effects. Tests are being conducted 
in inert atmospheres and various envi- 
ronmental atmospheres in which heat- 
resisting alloys commonly are used. 


Results to date indicate atmosphere 
reactions have a definite effect upon 
the high-temperature strength properties 
of metals and alloys. Low-carbon steel 
specimens subjected to an inert, purified 
helium atmosphere, exhibited greater 
and more uniform ductility and greater 
rupture life than specimens tested in 
atmospheres containing hydrogen, water 
vapor, oxygen and air. The latter speci- 
mens exhibited brittle failure with nu- 
merous surface cracks. Confirmatory 
tests are underway. The program also 
will include the study of the effect of 
strain rate on the embrittlement of pure 
metals subjected to stress-rupture tests 
in active and inert atmospheres at ele- 
vated temperatures, in order to deter- 
mine whether the reduction in ductility 
is due to the environment or the effect 
of low strain rates and high tempera- 
tures. 

A discussion of the above presented 
corrosion research program would not 
be complete without consideration of the 
support provided not only by the closely 
allied fields of study within the Metal- 
lurgy and Chemistry Branches of the 
Office of Naval Research, but by many 
other research projects under way 
throughout the other scientific divisions 
of ONR. Particular emphasis must be 
made of the inter-relationship to corro- 
sion of the research programs in such 
fields as electrochemistry, metallurgy, 
adsorption, surface reactions, diffusion 
and other solid state reactions. Much 
fundamental information will be forth- 
coming from these programs which will 
aid in the understanding and control of 
the numerous corrosion processes en- 
countered in day-to-day operations. To 
cite a specific example of the cross- 
fertilization of research programs, it 
may have been noted that there were no 
projects in the current corrosion re- 
search program specifically directed to- 
wards the study of  stress-corrosion 
cracking of metals and alloys. However, 
several metallurgical and chemical re- 
search projects now underway will make 
definite contributions to the understand- 
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ing of the mechanisms of stress-corro- cific project are referred to the list of 8. 
sion cracking. Studies on diffusion, flow references appended to this paper. Fu- 
and fracture of metals, grain boundary ture progress of the studies described 9. 
behavior and numerous phases of the above will be reported similarly by the 
above corrosion projects are accumulat- project investigators in the usual scien- 
ing knowledge which will aid in inter- tific journals. 10. 
preting the stress-corrosion behavior of We hope the above summarization will 
metal systems. It might be said that as provide an adequate picture of the re- af 
a start toward the problem, independent search undertaken by the Office of 
investigation is under way of the funda- Naval Research to further the under- 
mental nature and laws of corrosion and standing of why metals do or do not 12. 
the behavior of metals under a state Of corrode and to study the mechanisms and 
stress, ultimately can be kinetics of corrosion reactions so that 
bined for the solution of stress-corrosion predictions may be made of the behav- 

It must be borne in mind that this 

; : alloys under any environmental condi- 14. 

report does not include the large amount .. 

: : ; tions likely to be encountered by the 
of corrosion work underway in the many 
laboratories of the material Bureaus Navy. It often is pointed out that the 15. 
and the Naval Research Laboratory. Navy, despite the development of wal 
Space does not permit a description of see, inhibitors, madi sdeidesnssseinds 16. 
the extensive efforts made bv these ac- corrosion-resistant alloys, protective 
tivities to solve important specific naval Coatings and whatnot still depends upon 17. 
corrosion problems. the old method of chipping hammer and 

In conclusion, the authors desire to paint brush for corrosion control. It is 18. 


point out that in their presentation of 
the corrosion research program of the 
Office of Naval Research, no attempt 
was made to present all significant find- 
ings of each project. Those readers who 
might be interested in details of a spe- 


hoped that results of this and other 
similar programs will provide the neces- 
sary information to afford scientific con- 
trol over the ubiquitous processes of 
corrosion and to insure unfailing cor- 
rosion protection. 
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INTERRUPTED SURFACE FINISHES 


PRELIMINARY REPORT OF DEVELOP- 
MENTS IN INTERRUPTED SURFACE 
FINISHES 
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Detroit, Michigan. The article discusses the relatively unexplored field of inter- 
rupted surface finishes as an approach to bearing efficiency. Service use and 
laboratory tests of three generic types are reviewed: mechanically, chemically, 
and electrolytically generated surface finishes and their combinations. 


INTRODUCTION 


The story of mechanization is essen- 
tially the story of the mechanical bear- 
ing: “a part in which a journal, gud- 
geon, pivot, pin, or the like, turns or 
revolves” (Webster). The functional 
operation of these two parts requires a 
third element, a lubricant. These three 
elements of a bearing couple have par- 
tially inherent and partially developed 
properties, which, under widely varying 
conditions of production methods and 
use, combine to establish “bearing quali- 
ty.” The inherent properties comprise 
metallurgical combinations..of..chemical 
and physical qualities; the developed 
properties comprise the resultants of 
metal working production methods, de- 
sign, and service factors, and alteration 
of all these properties under load-speed- 
temperature conditions of operation. 

It is common practice to consider 
plain bearings in two usage classifica- 
tions :— 

(1) Boundary lubrication bearings, 
generally including all internal 
combustion engine cylinder bores 
and component parts, and others. 
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(2) Bearings intended to operate un- 
der hydrodynamic full fluid film 
lubrication, including slow-speed, 
heavy-duty, and high-speed types 
for both uni-directional and ro- 
tating loads. 

In recent years it has become increas- 
ingly obvious that increased load-carry- 
ing capacity, life, and operating speed 
of plain bearings must be based on bet- 
ter understandings of the need for 
establishing more rapid and dependable 
compatibility between the two bearing 
parts and the bearing lubricant. Under 


' development pressures bordering on des- 


peration, practically every conceivable 
combination of bearing materials has 
been tried out in some form of applica- 
tion. Efforts to standardize the catalytic 
quality of oil lubricants through addi- 
tions intended to contaminate the bear- 
ing surfaces have been at least partially 
successful. With all this, however, it is 
obvious that other important relation- 
ships are involved in the successful 
operation of a plain bearing. 


INTERRUPTED SURFACE FINISHES 


To many people it seems evident that 
proper implementation of the wedge- 
film theory of lubrication (Kingsbury, 
1931) for present and future higher 
speed, higher output applications will 
require some amplification of present 
concepts of bearing design, bearing part 


production methods, and lubrication con- 
trol. Recently an increasing number of 
investigators have been turning with 
renewed interest to the unexplored field 
of interrupted surface finishes as an 
immediate approach to increased bearing 
efficiency. 


GENERAL CONSIDERATIONS 


The present status of the development 
work that has been done to date may 
be best considered in three generic 
classifications :— 

(1) Mechanically generated, includ- 

ing machining, knurling, etc., 
(a) having open pits, pores, voids, 
channels, etc., 
having void spaces and bear- 
ing plateau areas chemically 
etched, 
(c) having void spaces filled with 
some chemical base, synthe- 
tic, or metallic filler material. 


(b 


are 


‘ 
t 
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(a) 
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(2) Chemically generated. as with 
acid etching, 
(a) acid etched all over load- 
bearing area, 
(b) acid etched with mask over 
load-bearing areas, 
(c) acid etched and all etched 
areas filled. 
(3) Electrolytically generated, as in 
plating and anodic etching, 
(a) anodic etched over load-bear- 
ing area, 
(b) electro-plated and anodic 
etching providing either or 


(c) 


Fig. 1—Widely Variable Physical Characteristics of Three Basic types of Interrupted 


Surface Finishes. 


(a) Pitted, having isolated pits, regularly or irregularly disposed, surrounded 


by connected plateau area, as in 


knurling, mask 


etching, etc. 


(b) Channelled, having isolated plateaus or peaks, surrounded by continuous 
or connected channels, as in machining, scribe and etch, or electro-plating and electro- 


etching. 


_ .(c) Porous, having a sponge-like structure of the surface metal as in most 
chemical etching and to some degree in electro-etching. 
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INTERRUPTED SURFACE FINISHES 


both, pits and sponge struc- 
ture, 

(c) electrolytically generated and 
filled. 

Each of the above basic methods pro- 
duces some one of three types of inter- 
rupted surface finishes, as shown sche- 
matically in Fig. 1. 

Any one or all of the above described 
methods may be used to develop a micro- 
roughness surface effect for only the 
initial run-in period until the com- 


patibility of the surfaces is obtained ; 
or may be used to produce deeper or 
so-called permanent relief of the sur- 
face to last for thousands of hours ot 
operation. 

Because open pits or voids cause high 
oil consumption in engine cylinders, and 
because it is generally believed that 
hydrodynamic lubrication requires the 
maximum uniformity of wedge film, 
consideration of interrupted surface 
bearing areas must necessarily include 
the use of fillers for these applications. 


MECHANICALLY GENERATED INTERRUPTED SURFACES 


The concept of mechanically gene- 
rated ridges and recesses or grooves as 
a means of permitting a bearing to con- 
form itself to a journal quickly, to pro- 
duce “a steady uniform rotation without 
undue friction,” and to afford adequate 
lubrication for the bearing, apparently 
dates back to 1886 in the United States 
when a patent was taken out for the 
idea. 

A German investigator in 1917 ad- 
vanced the claim that the spacing, num- 
ber, and nature of depressions or re- 
cesses in interrupted surface finish are 
of major importance in minimizing 
friction, frictional heat, and wear, and 
increasing. the load-carrying capacity of 
bearings. 

The idea of filling such recesses in 
interrupted surfaces with some lubricat- 
ing or other substance, to augment reg- 
ular bearing lubrication, apparently orig- 
inated in 1926. The use of other metals 
as filler materials, such as copper, silver, 
tin, or lead, to accomplish increased 
heat conductivity, anti-scuff and score 
resistance, etc., may be controversial, 
but apparently was sponsored in Eng- 
land by Shaw. 

In the United States, at least one in- 
vestigator had developed a grid bearing 
surface comprising the use of two dif- 
ferent metals, as shown schematically in 
Fig. 2, by approximately the mid-thirties 
(Etchalls and Underwood, 1935). This 
was used for high loads for operation 
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Fig. 2. Silver and Lead Grid Bearing 
Bearing sections show indention detail. 


with hydrodynamic full fluid film lubri- 
cation. Higher pressures in this type of 
bearing, particularly where alternating 
loads are imposed, require a larger num- 
ber of small indentations. For conditions 
of moderate loads and boundary lubrica- 
tion, the indentation representing about 
one-fourth to one-half the bearing area 
may not be filled. 

Several years ago, an engine manu- 
facturer, faced with increased speeds 
and loads beyond those originally de- 
signed for, and with consequent high 
oil-temperature, experimented with in- 
terrupted surfaces to secure longer life 
of crankshaft connecting rod bearings 
(Allen, 1941). An abraded surface was 
used which had a relatively smooth 
actual load-carrying surface of about 
5 to 10 micro-inches, root-mean-square 
(0.000125 to 0.00025 mm.), peppered 
with deeper, elongated, irregularly 
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Fig. 3—Knurled, Unfilled Surface used on a Cast-Aluminum Diesel Engine Piston. 


spaced depressions to produce an over- 
all roughness reading of 35 to 50 
micro-inches. Despite very encouraging 
road test results, this project was re- 
ported ultimately abandoned because it 
was impossible to get dependable re- 
producibility in production machining. 

A Diesel engine manufacturer, having 
an unexpectedly severe condition in a 
supercharged engine, is. reported to 
have obtained complete relief of piston 


scuffing by use of the finish shown in 
Fig. 3. This is a plain, unfilled, knurled 
finish on aluminum. 

An American aero-engine manutac- 
turer, exploring the possibilities of 
using nitrided steel piston rings in SAE 
4140 steel aircraft engine barrels, tried 
individually: knurling, “scarified” hone 
abrading, and masked chemical etching 
with definite indications in all tests of 
elimination of the “chatter” marks 


Fig. 4—Knurled, Unfilled Surface Tested in an Aircraft Engine Cylinder Barrel. 
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Fig. 5—Masked, Chemically Etched Surface Tested in Aircraft Engine Cylinder Barrels. 


which had resulted from using steel chemical etching to generate voids only 
rings on smooth-honed steel barrels as shown in Fig. 5, was next tried, but 
(Continental Aviation Report). The was not comprehensively or further ex- 
knurled finish used is shown in Fig. 4. plored when it was found that filler 

Smooth honing followed by masked material then available could not be 


Fig. 6.—Microhoned, “Scarified” Surface Finish adopted in the Production of Aircraft 
Engine Cylinder Barrels. 
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dependably retained in the pits. Here 
shown are the 40-mesh and 65-mesh 
patterns tried, which had respectively 
1600 and 4225 pits per square inch of 
surface area. 

Next, a very coarse grit honing opera- 
tion, followed by a very fine grit honing 
operation was tried, to produce the 
“scarified” surface finish shown on the 
right-hand side of Fig. 6. Wear after 
50-hour endurance and 934-hour cruis- 
ing tests was reported too slight to be 
measured. Lacquer formation was al- 
most continuous over the surface, but 
the steel rings showed very high oil 
consumption. Subsequent tests with filled 
surfaces proved that filling gave the 
equivalent of the lacquer formed in long 
periods of running, providing protec- 
tion against surface disturbance during 
running-in, and providing a continuous 
oil ring contact for better oil control. 
This scarified interrupted surface finish 
was ultimately adopted for production 
because tests showed freedom from sur- 
face disturbance of any sort, and this 
processing was readily available with 
standard equipment. 

Comparative tests of various inter- 
rupted surfaces were run by another 
laboratory on a wear testing machine, 
which reciprocates a sample section of 
a cylinder bore against a_ stationary 
sample of a piston ring at 630 recipro- 
cations per minute under no load for 
the first fifteen minutes, 600 lb. per sq. 
in. for the next fifteen minutes, and 
thereafter with increases of 200 lb. per 
sq. in. every five minutes until scuffing 
occurs. All tests here reported were run 
with cast-iron rings, ground, and under 
standard lubrication of 1 cu. cm. of oil 
per min. 


The surface shown in Fig. 7, was 
honed to 4 micro-inches on a centrif- 
ugally cast graphitic steel and scuffed 
at 5200 Ib. per sq. in. This same sur- 
face, when electro-etched with a cross- 
hatched pattern of intersecting lines at 
45 deg. from the vertical, each 0.005 
inch wide, 0.002 inch deep, and 0.050 
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Graphitic Steel Test Sample, Smooth-micro- 
honed to 4 Micro-inches (0-0001 mm.). 


Fig. 8—Scuff Record of Smooth-micro- 
honed Nitralloy Test Sample. 


Fig. 9—Scuff Record of S.A.E. 4140 Steel 
Laboratory Test Sample, Smooth-micro- 
honed to 4 Micro-inches (0-0001 mm.). 


inch apart, comprising about 18 per 
cent void area, scuffed at 10,000 Ib. per 
sq. in., or about double the load-carrying 


-capacity of the uninterrupted surface. 


Examples of other material combina- 
tions include a smooth-honed. Nitralloy 
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Fig. 10—Same Sample as in Fig. 9, Masked 

and Chemically Etched to approximately 30 

per cent Void Area, Shows 40 per cent 
Better Scuff Resistance. 


surface, which scuffed at 5600 lb. per 
sq. in., shown in Fig. 8, the SAE 4140 
sample, Fig. 9, honed to 4 micro-inches, 
produced scuffing at 6600 Ib. per sq. in., 
and the same SAE 4140 honed surface, 
masked and etched to produce pitted 
cells about 0.009 inch diameter, sixty- 
five to the lineal inch for an estimated 
30 per cent void area, as shown in Fig. 
10, scuffed at 9200 Ib. per sq. in. 

The next typical test sample, repre- 
senting cast-iron cylinder bores, honed 
to 9 to 14 micro-inch finishes, serves 
as a baseline comparison with all similar 
test samples. 

The 14-micro-inch honed surface, Fig. 
11, scuffed at 11,000 Ib. per sq. in 

The following surfaces as-honed to 
approximately 9 micro-inch were de- 
greased and sprayed with a clear coating 
having a lacquer basecoat. Intersecting 
lines at 45 deg. to the axis were scribed 
through the coating. Surface material 
exposed through these lines was de- 
plated in an ammonium chloride solu- 
tion, with void area varying according 
to the width and distance apart of the 
lines. 

The surface shown in Fig. 12, having 
9 per cent void area, scuffed at 11,800 
Ib. per sq. in 

The surface with 27 per cent void area 
(Fig. 13), scuffed at 15,800 lb. per sq. 
in. 

This exploration of various mechani- 
cal and other chemical and electrolytic 
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Fig. 11—Scuff Record of 14-Micro-inch 
(0-0003 mm.) Microhoned Cast-Iron Lab- 
oratory Test Sample. 


Fig. 12.—Scuff Record of Masked, Scribed 

and Chemically Etched Laboratory Test 

Sample, of approximately 9 per cent Void 
Area. 


Fig. 13.—Scuff Record of Masked, Scribed 

and Chemically Etched Laboratory Test 

Sample, of approximately 27 per cent Void 
Area. 
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Fig. 14—Hone-abraded, “Scarified” Sur- 

face Finish of Overall 80-120 Micro-inch 

(0-002 to 0-003 mm.), Test Sample Scuffs 
at 13,000 Ib. per sq. in. 


generative methods reported in follow- 
ing sections has resulted in present con- 
centration by this laboratory in a pro- 
gram of testing thoroughly all possi- 
ble ramifications and possibilities of the 
scarified hone abraded finishes men- 
tioned above, and as here shown typi- 
cally in Fig. 14. This particular test 
surface, in the mid-range of roughnesses 
being studied, is relatively of 80 to 120 
micro-inch overall roughness, with prob- 
ably less than 10 micro-inch finish on 
the actual fine-abraded load-bearing 
plateau areas. It scuffed at 13,000 Ib. 
per sq. in. 


—Combinatio 


Fig. 15—Knurled, Chemically Etched Cast- 

Iron Surface of 75 per cent Void Area Used 

in One <n, Test Engine Cylinder 
ore. 


Another laboratory, using the single- 
cylinder test engine shown in Fig. 15, to 
determine pre-ignition ratings of aircraft 
engine sparking plugs, experienced severe 
difficulties with piston ring scuffing 
(Heron, 1946). Knurling was copied 
from others, but in this case the knurl 
marks are 0.004 to 0.006 inch deep, 
spaced 128 pits to the square inch of 
surface for an overall void area of only 
34 per cent, and with total volume of 
pits per square inch of 0.2 cu. mm. or 
about 1/100 of a drop. One of these 
bores, etched, and coated with manga- 
nese iron phosphate, and operated for 
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(a) 


3700 hours with washed air, showed 
very low oil consumption and almost 
complete lack of scuffing; a maximum 
wear of 0.001 inch within the ring 
travel, and a total absence of bell mouth- 
ing at the top of the bore, even with ¥s 
inch wide rings. 

In recent years there has been a most 
interesting development in machine tool 
plain spindle bearings. In one particu- 
lar use of plain bearings, shown in 
Fig. 16, it was formerly standard prac- 
tice to grind the spindle to about 10 to 
15 -micro-inch finish, assemble it in a 
scraped bearing of approximately 35 to 
40 micro-inch roughness, with clearance 
of 0.002 to 0.0025 inch. This spindle 
was operated with oil of about 75 to 
100 viscosity, and ran at about 180 
deg. F. 

This bearing was ultimately refined 
and successfully used in production ma- 
chines with a fine-ground spindle of 2 
to 3 micro-inches in a scraped bearing 
of 35 to 40 micro-inches assembled with 
a clearance of about 0.00075 inch. It 
was operated with white kerosene of 
about 30 viscosity, and the bearing ran 
very cold; in fact, it felt clammily cold 
to the touch. 

The running temperature of a bearing 
under speed and load is considered by 
some as probably a good indicator of 
performance. One investigator has com- 
mented: “Our experience with con- 
siderably higher speeds, of the order 


(b) 


(c) 

Fig. 17.—Test Piece with Channel-type Interrupted Surface. (a) Smooth-honed. (6) 

Smooth-honed and mechanically peened. (c) Smooth-honed, mechanically peened, and 
smoothed-honed again to create plateau tops in one plane. 


of 25,000 r.p.m. and above, have indi- 
cated very sharp rises in power con- 
sumption due to the high rate of shear 
of the oil film at such speeds. It seems 
to be pretty well established that the 
power requirements for an extremely 
high-speed spindle running in tilting pad 
bearings would be several times the 
power requirement needed for a spindle 
of the same speed running in ball bear- 
ings.” 

Many investigators believe that resid- 
ual compressive stress is considered 
desirable in bearing surfaces. This re- 
sult is obtained by honing, roll, and, or 
alternatively, ball peening. One such 
process, called “Micropeen,” is shown 
in Fig. 17. The first process is to ob- 
tain a smooth-honed finish to generate 
an accurate control of size and geom- 
etry, then Micropeen to harden the ma- 
terial mechanically by cold working and 
at the same time generate a pattern of 
depressions for relief of the surface 
area. This is followed by finish honing 
to any desired operating surface finish 
on the plateaux which are the actual 
load-bearing areas. This process is con- 
sidered economic, and controllable for 
production of accurate geometry, sur- 
face character, and size. It may be ad- 
vantageous to eliminate the use of non- 
ferrous metal bushings in such assem- 
blies as the wrist pin bearing of auto- 
motive connecting rods, and other simi- 
lar parts. 
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CHEMICALLY ETCHED INTERRUPTED SURFACES 


The production of microscopic recesses 
in load-bearing surfaces by chemical 
action was first advocated (so far as 
could be determined) by Loudenbeck in 
1915. The process comprised the pro- 
duction of a self-lubricating bearing by 
first “smoothing the surface, then etch- 
ing it to produce recesses, and finally 
filling the etched surface with graphite 
particles to thereby reproduce the orig- 
inal smooth bearing surface.” Later in- 
ventors have followed with mask etch- 
ing to produce a specific pattern and dis- 
position of recesses, either on a pre- 
viously finished surface, or one which 
may require subsequent finishing of the 
load-bearing areas; the adaptation of 
the half-tone photolithographic process 
for improved pattern etching; chemical 
treatments after a recessing operation, 
and others. 

Since final surface finishes generated 
by overall chemical or anodic bath 
etching usually generate some chemical 
reaction or deposition of oxides, sul- 
phides, and phosphates upon the base 
metal, these processes have been widely 
termed as surface coating processes. In 
general, the desirable properties of 
satisfactory coatings are said to be 
(Mechanical Engineering) that :— 

1. It must respond to varying degrees 

of pressure. 

2. It should have mild abrasive ac- 
tion to aid the running-in of the 
two parts. 

It should slightly contaminate the 

metal surface to prevent welding. 

4. It should absorb oil and thereby 
improve lubrication. 

5. It should etch the surface, leaving 
a somewhat porous surface to pro- 
vide an escape for worn-out parti- 
cles and to form minute reservoirs 
for oil. 

The automotive industry today uses 
three main types of chemically etched 
surface coatings for load-bearing areas 
of various parts. These processes have 
been fully described in the available 


literature. It is interesting to compare 
the user’s own evaluations in each case 
of the attainment of the above objec- 
tives. 

Caustic sulphur etching is commonly 
used on cast-iron cylinders, pistons, 
piston rings, and on steel gears, cam- 
shafts, tappets, and similar parts. One 
of the major users of this treatment 
claims (Jackson, 1941) that it:— 

1. Removes undesirable components 
of surface composition such as free 
ferrite, and strain-hardened ma- 
terial resulting from previous 
processing. 

2. Deposits certain chemical end- 
products on the surface, in this 
case ferrous oxide and ferrous sul- 
phide in a porous, matt surface. 

3. Changes the surface configuration 
by forming pits which are partially 
filled with porous sulphide-oxide 
contents which ensure lubrication 
during at least the critical period 
of boundary lubrication during 
“run-in.” 

Though limited to chilled or cast iron 
parts, the ferrous oxide treatments are 
credited with excellent results on cast 
iron piston rings (Teetor, 1940), and 
on chilled iron cam followers and tap- 
pets (Mechanical Engineering; Young 
and Davis, 1947). This finish is shown 
in the photo-micrograph in Fig. 18, and 


Fig. and Scuff Rec- 

ord of Caustic Sulphur Etched Cast-Iron 

Laboratory Test Sample, 28 Micro-Inches. 
(0-0007 mm.). 
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Fig. 19—Photomicrograph and Scuff Rec- 

ord of Manganese Iron Phosphate Coating 

on §S.A.E. 4620 Steel Test Sample, 15 
Micro-inches (0-004 mm.). 


as here shown has a roughness of 28 
micro-inches (0.0007 mm.). 

Manganese iron phosphate coatings 
are being adopted more frequently for 


‘cast-iron bearings, cylinder bores, pis- 


tons, piston rings, chilled iron cam fol- 
lowers, steel gears, universal joint trun- 
nions, valve stems, pump shafts and 
other parts. The advantages claimed for 
this process are that (Young and Davis, 
1947; Darsey, 1941; Technical Bulletin, 
Parker Rust Proof Company) :— 

1. It deposits a porous deposit of 
manganese and iron phosphate on 
the surface, which prevents weld- 
ing. 

2. This coating is mildly abrasive to 
accelerate the “running-in” of the 
parts. 

3. The etching action of phosphoric 
acid also produces a porous sur- 
face under the coating which pro- 
vides an escape for debris and 
furnishes minute oil reservoirs 
that remain even when all traces 
of coating have disappeared.” 


on S.A.E. 4620 Steel 


Laboratory Test 

Sample, 73 Micro-inches (0-0018 mm.). 

Shows 80 per cent Increase in Scuff Re- 
sistance. 


The following typical wear machine 
tests were run on this type of manganese 
iron phosphate coated surface by a pre- 
viously mentioned laboratory. The cyl- 
inder material was SAE 4620 steel. 
carburized and ground to various rough- 
nesses, as noted. Such a surface, Fig. 19, 
ground to 7 micro-inches before etching, 
and etched to 15 micro-inches, scuffed 
at 6000 lb. per sq. in. 

In Fig. 20, the sample was ground to 
65 micro-inches, finally etched to 73 
micro-inches, and scuffed at 11,400 Ib. 
per sq. in. 

Apparently, in most of the applications 
which have been reported, the thickness 
of this coating is usually not more than 
0.0002: to 0.0003 inch, but can be applied 
up to 0.001 inch thick. Most users ap- 
parently believe that the thinner range 
of coatings have greatest value as a rule 
during the running-in process, offering 
protection against metal-to-metal con- 
tact until chemical-physical stability has 
been established. 


ELECTROLYTICALLY GENERATED INTERRUPTED SURFACES 


The production of interrupted type 
surface finishes by conventional anodic 
etching has also been investigated ex- 
perimentally. Such a typical surface 
may be, for example, anodized in a 1 


per cent hydrochloric acid solution, with 
current density of 0.025 amp. per sq. in.. 
in a room temperature bath. This appli- 
cation oxidizes the free ferrite, which 
can be brushed away leaving the steadite 
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Fig. 20.—Photomicrograph and Scuff Rec- 
ord of Manganese Iron Phosphate Coating 
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Fig. 21—Photomicrograph and Scuff Rec- 
ord of Anodically Etched Cast-Iron Sur- 
face, 50 Micro-inches (0-0012 mm. ). 


network projecting to form an inter- 
rupted surface of irregular projections. 
It is applicable only to cast iron. 

The surface in Fig. 21, anodized 15 
minutes to produce a 50 micro-inch sur- 
face, scuffed at 15,600 lb. per sq. in. 

While the idea of electro-deposition of 
a wear resistant coating of metal on 
bearing surfaces dates back at least to 
1930, control of the plating process to 
produce pits, depressions, or crevices 
by anodic etching in hard chromium 
plating as shown in Fig. 22, was first 
mentioned in the process which has be- 
come known under the term “porous” 
chromium plate (Van der Horst, 1940, 
1941; Pyles, 1944). This development 
was first introduced commercially in the 
marine and stationary Diesel-engine 
field; fortunately it was available during 
the 1939-45 war for salvage of many 
thousands of aircraft and tank engines 


Fig. 22.—Photomicrographs of “Porous” 

Chromium-plated Interrupted Surface Fin- 

ish, with Pitted and Some Porous-type In- 

terruptions, known as “Normal Type” 
Porosity. 


TABLE 1. Normat Type Porosity 

Porosity range, 

per cent Results 

a) Se .| A definite high rate of wear and a high percentage of scuffing. 

ere Marginal. A tendency towards a high rate of wear and minor 
scuffing. 

02, ..+.| Fig. 23. These cylinders gave the least scuffing and the lowest 
rate of wear. 

.| A tendency towards high wear. 

50 to 60..... ...| High piston ring wear, heavy scratching, some scuffing. 

Above 60..... ..| Extreme wear, scuffing. 


498 


Fig. 
* 35 pe 
Chre 
in 
rels 
by of 
: 
lin, 
Schr 
Swil 
1946 
In 
the | 
disp 
pits, 
by 
knov 
q actu: 
estin 
(0.0 
actu 
all r 
50 te 
serv 
show 
A 
invo 
bath 
temp 
prod 
in F 


INTERRUPTED SURFACE FINISHES 


Fig. 23.—Photomicrograph of 20 per cent to 
35 per cent Void Area Normal Type Porous 
Chromium-plated Finish. Produced the 
least scuffing and lowest rate of wear in 
military service. 


in those theatres of operation where 
sand and grit caused steel cylinder bar- 
rels to wear completely out in as low as 
30 hours of operation. The story of 
this development has now been released 
by official sources (Shaw, 947 ; Schmied- 
lin, Miller, and Esterly, 1944; Bobrow- 
sky, Machlin, and Onnstein, 1944; 
Schmiedlin and Ault, 1945; Johnson and 
Swikert, 1946; Johnson and Anderson, 
1946). 

In this first step in the development, 
the surface is comprised of irregularly 
disposed and isolated relatively shallow 
pits, depressions, or crevices surrounded 
by connected plateau areas; this is 
known as normal type porosity. The 
actual load-carrying plateau areas are 
estimated to be about 5 to 7 micro-inches 
(0.000125 to 0.000175 mm.), while an 
actual profilometer measurement of over- 
all roughness might be anywhere from 
50 to 200 micro-inches. Aircraft engine 
service tests on this type of finish 
showed the results in Table 1. 

A modification of this development, 
involving a time differential, different 
bath constituents, current densities and 
temperatures in the plating process, 
produces the interrupted surface shown 
in Fig. 24. This is a surface consisting 


Fig. 24.—Photomicrograph of Channel-type 
Porous Chromium-plated Interrupted Sur- 
face Finish. 


Fig. 25—Photomicrograph of Channel-type 
Porous Chromium Surface. Has plateau 
sizes from 0-010 to 0-020 inch (0-254 to 
0-508 mm.) which produced least scuffing 
and lowest wear. 
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TABLE 2. CHANNEL TyYPE PorosITy 


Plateau size, 
inches 
0.002 to 0.005... 
0.005 to 0.010... 
0.010 to 0.020... 
25. 
0.020 to 0.030... 
0.030 to 0.040... 
0.040 to 0.060... 


Results 


Almost certain scuffing, breakdown of chromium surface. 
Occasional scuffing. 
Good scuffing resistance and best wear characteristics. Fig. 


Good scuffing resistance and good wear characteristics. 
Occasional scuffing. 
Almost certain scuffing and poor wear characteristics. 


of isolated plateaux surrounded by rela- 
tively deeper connected channels ; and is 
thereby named channel type porosity. 
Aircraft training service tests have 
shown no measurable wear on this fin- 
ish after 500 hours of flight operation. 
Experiments established the following 
data for this type surface interruption, 
as shown in Table 2. 

Channel widths apparently are not 
critical, ranging from 0.001 to 0.003 
inch, with an average of 0.002 inch in 
depth, but it was found highly essential 
that all debris from processing should 
be removed by high pressure blast of a 
cleaning fluid directed normal to the 
cylinder surface. The objective of pro- 
duction practice for salvage processing 
of aircraft engine barrels by this method 
was therefore established at plateau 
sizes between 0.010 and 0.030 inch 
honed to approximately 1 micro-inch 
finish. Several hundred thousand mili- 
tary aircraft engine cylinders so proc- 
essed have given entirely satisfactory 
results. 

Further tests indicated the value of 
an extremely small plateau size for best 
possible wear rate and scuffing resist- 
ance, but small plateau peaks less than 
0.010 inch diameter break off easily, 
owing to the low tensile strength of 
chromium. Seeking some ‘such type of 
surface interruption which would elimi- 
nate engine initial running-in time after 
cylinder replacement and permit start- 
ing and accelerating to take-off power in 
60 seconds, and running at take-off 
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power from 20 to 60 minutes, a third 
type of interrupted surface finish, named 
deep-smooth has been developed. This 
is shown in Fig. 26, and consists of an 
infinite number of small peaks. It is 
prepared by first lapping with a dummy 
piston and rings and with a mixture 
of several grades of a commercial oil 
mixed lapping compound, which pro- 
duces an average 43 micro-inch finish. 


Fig. 26.— Photomicrograph of “Deep- 
Smooth” Porous Chromium Surface of 24 
Micro-inches (0-0006 mm.). 
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x 200 dia. 
Fig. 28.—Surface Condition of Aluminum, 
. ..Diamond-turned. 
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After cleaning, the surface is again 
lapped with.a dummy piston and. rings, 
with extra fine pumice mixed with par- 
affin oil to a roughness reading of 24 
micro-inches. This surface has operated 
at take-off power for one hour with 
practically no observable difference, in 
the finish. Though not at present com- 
pleted, the testing of this third type of 
interrupted chromium-plated surface 
points to its adoption in the very near 
future for overhaul processing of mili- 
tary aircraft engine barrels. 

Extensive work has been done to 
determine the operating characteristics 
required for use of porous chrome- 
plated piston rings. One manufacturer 
has established certain general condi- 
tions, as follows: a porous chromium 
ring to be used in the top groove on 


_each piston, having nearly the entire 


face surface relieved as shown in Fig. 
27, a micro-inch reading of 30 to 90, 
and possessing “chalk,” as shown, pro- 
motes rapid seating on all rings where 
the cylinder bore surface is honed to 
15 to 25 micro-inches of roughness on 
a 30 deg. helix cross-hatch. It is further 
considered beneficial in carrying oil 
during the critical running-in-period. 
An early war-time investigation estab- 
lished the necessity for smooth-honed 
plateau surfaces when it was discovered 
desirable to run-in (green run) aircraft 
engine cylinder barrels, with surface 


x 200 dia. 
Fig. 29.—Surface Condition of Aluminum 
after Tin-plating. 
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finish of 45 per cent to 60 per cent 
porosity with one set of piston rings, 
and then replace them with new rings 
for engine installation (Schmiedlin, 
Miller, and Esterly, 1944; Bobrowsky, 
Machlin, and Onnstein, 1944). Tests to 
determine methods for improving uni- 
formity of pore sizes and locations on 
chrome plate were tried (Schmiedlin 
and Ault, 1945), but apparently were 
inconclusive because time has not yet 
permitted comprehensive program 
testing. The use of fillers or coating 
materials on channel type chrome- 
plated cylinders was investigated (John- 
son and Swikert, 1946) with the result 
that a silver overplate was adjudged 
better than either a lead overplate or a 
colloidal graphite base paint for reduc- 
ing specific oil consumption, for in- 


creased lacquering of the surface, and , 


for some reduction in ring wear. How- 
ever, initial oil consumption was most 
practically’“and positively reduced by 
the use of 1: deg. taper-face compression 
rings in the top three piston grooves, 
installed to scrape down, and reduced 
at least one-third through the use of 
choke bores (Johnson and Anderson} 
1946). 
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With growing interest and apprecia- 
tion of the possibilities of interrupted 
type surface finishes as a practical ap- 
proach to increased load-carrying ca- 
pacity, longer life and better lubrica- 
tion of bearings, it is evident that ul- 
timately some combinations of gene- 
rative methods will become defined for 
various applications. It is widely agreed 
that some degree of residual compressive 
stress is desirable in bearing surfaces. 
It has been shown in the above data 
that for many applications an actual 
load-bearing area comprised of a large 
number of peaks or plateaux separated 
by connected channels increases scuff 
and score resistance. It has also been 
shown that some coatings provide favor- 
able chemical deposits on surfaces in 
addition to a substantial amount of sur- 
face interruption ; and that they improve 
wettability and lubrication during the 
running-in period. Solid non-ferrous 
metal fillers, particularly silver, is 
demonstrated as a desirable constitu- 
ent, especially in highly loaded bearings. 
Therefore, new ideas are being en- 
couraged and new methods are being 
tried. 


CONCLUSIONS 


It is evident that a great deal more 
development and experimental work 
must be done in a wide number of 
applications before any very definite 
conclusions can be drawn. Apparently 
those which may be indicated now in- 
clude :— 

For boundary lubrication :— 

1. For moderate loads voids are 

preferably not filled but total sur- 
face area may benefit with a 
chemical etch. 

2. Plateau load-carrying areas should 
be relatively smooth, from 1 to 10 
micro-inches (0.000125 to 0.00025 
mm.), though overall surface 
roughness may be from 50 to 200 
micro-inches. 


3. Area of individual plateaux is 
critical as to size and disposition 
with increasing load. 

4. Connected channels are desirable 
because they are usually deeper 
and consequently aré critical as to 
cleaning of process and wear debris 
before the running-in period. 
The use of overplates or solid 
surface films on boundary lubri- 
cated surfaces have been found 
very effective in reducing sliding, 
friction, wear, etc., under condi- 
tions which are found in engine 
cylinder barrels. 

For hydrodynamic lubrication :— 

1. For high unit loads, particularly 
alternating type, the voids should 
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be small in size and filled or over- 
plated with a non-ferrous filler to 
accelerate compatibility of bearing 
couple materials and the lubricant. 

2. Solid fillers or overplates are de- 
sirable to provide “embedability,” 
elasticity, conformability, thermal 
conductivity. 

3. For high speeds (25,000 r.p.m. and 
over) and heavy loads, any type of 
plain bearing, relieved surface or 
not, cannot be expected to replace 
anti-friction (ball or roller) type 
bearing; this is because of the in- 


herent characteristic of lubricants 

to generate frictional heat by shear 

effect within the oil film itself. 
For all bearing surfaces :— 


A final chemical etch on a bear- 
ing surface seems desirable to pro- 
vide a mild abrasive action to aid 
running-in, to contaminate the 
surface against welding, to provide 
a porous or chalky surface struc- 
ture for trapped oil, and as an 
escape for dirt or debris particles, 
particularly where close clearances 
are required. 
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SAND AND DUST EROSION IN 
AIRCRAFT GAS TURBINES 
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Although the success of methods de- 
veloped to meet the problems of desert 
operation is established for reciprocat- 
ing engines, the gas-turbine powerplant 
presents new problems. The memory 
of the frantic, expensive, and neces- 
sarily rapid development of carburetor 
air filters during the war years is still 
fresh. The desire to avoid an occur- 
rence of this sort of accelerated develop- 
ment with gas turbines prompted the 
USAF to investigate the vulnerability 
of this type of powerplant to desert 
operations. 

The basic questions to be answered 
are whether there are any effects due 
to operation under sand and dust con- 
ditions that will result in operational 
hazards or require frequent engine 
changes, or, if there are no rapid gross 
effects, what kind of life and perform- 
ance can be expected from gas turbines 
operated under desert conditions? 

Due to the differences between the gas- 
turbine and reciprocating engines, the 
great amount of data concerning recipro- 
cating-engine life and the various effects 
of dust on that type of powerplant gives 
a few clues as to what may be expected 
of gas turbines operating under dust 
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conditions. The greater clearances of 
primary components in the turbines 
would appear advantageous. The higher 
rotational speeds and dependency of 
thrust on maintenance of certain dimen- 
sions would appear disadvantageous. 
Air-supply tubes to engine-mounted ac- 
cessories such as generators, alternators, 
cabin-conditioning equipment and air 
turbines provide the means of dust en- 
trance to this equipment, with possibly 
destructive effects. 

The compressor would seem to be 
the most vulnerable component of the 
turbine engine, particularly the axial- 
flow type with its thin blades. The 
burners and fuel nozzles should not pre- 
sent much difficulty due to the higher- 
strength materials, large dimensional 
tolerances and the improbability of noz- 
zle clogging. The nozzle diaphragm and 
turbine wheel, of higher-strength ma- 
terials—thus less subject to erosion than 
the compressors—have critical surface 
contours and are more subject to failure, 
due to high operating temperatures. 

The early-type bearing-lubrication 
system utilizing compressor air bleed 
for oil-mist lubrication presents possi- 
bilities of rapid and serious effects in 
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the dust clogging of the air filters used 
in the system. Current integral-lubri- 
cation systems avoid this possibility. 
However, all compressor air-bleed lines 
are subject to sand collection and would 
impair services such as thrust balancing 
and cooling. 

The general effect to expect in cur- 
rent gas turbines under dust conditions 
would seem to be a gradual deteriora- 
tion of performance rather than exten- 
sive and rapid failure of components 
with the attendant hazards. Possible ex- 
ceptions to this would be earlier failure 
in rotational parts, induced by dust ero- 
sion or compressor damage from poor 
airflow conditions occurring in an eroded 
duct system. Periodic checks on filters 
in compressor air-bleed lines would 
avoid the hazard of clogged balance or 
cooling air services. 

The problem would appear to be one 
of measuring time effects in the de- 
terioration of performance of the basic 
engine and securing data to be meas- 
ured. Data on engine accessories must 
be obtained to determine their limits 
and filtration requirements. 

The relatively limited operations of 
gas turbine-powered aircraft (particu- 
larly axial-flow compressors) has pre- 
vented any organized service testing of 
aircraft under desert conditions. Present 
tactical and operational procedures with 
gas turbines hinder an accurate evalua- 
tion of the severity of dust operations. 
A controlled test on a single aircraft, 
imposing dust conditions chosen from 
experience in the operation of recipro- 
cating-engine aircraft, appears to be the 
only means of obtaining an idea of the 
problem. 

The first test of this type was con- 
ducted at the Eglin Field Climatic Test 
Hangar during November, 1948, on a 
J47-GE-1 axial-flow turbojet installed 
in an F-86 airplane. The general test 
set-up consisted of a sand hopper and 
an injection tube into the inlet, and an 
air hose connected with it to blow the 
sand into the inlet. 
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Figure 1 


The sand concentration injected into 
the engine was 1.36 Ib/sec at maximum 
rated power. This can be considered an 
accelerated test, in that the concentra- 
tion of sand and dust was some 29 
times the amount that would be ingested 
at the same power with dust conditions 
at the inlet as called for in Specification 
AN-F-30a. 

The test was terminated at the end of 
a period of three minutes, under these 
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conditions, when a circumferential rup- 
ture 3-in. long and %-in. wide occurred 
in the exhaust cone 3-in. aft of the 
turbine flange, probably induced by 
clogged burners. A total of 343.8 Ibs. of 
sand had passed through the engine. 


A calibration of the engine, following 
replacement of the tail cone and mechan- 
ical inspection only, yielded the per- 
formance illustrated in Figs. 1 and 2, 
as compared with guarantee ratings for 
the J47-GE-1. 


BREAKDOWN FOR STUDY 


Following the calibration, a complete 
tear-down was made and the condition 
of the parts was noted. The starter- 
generator had severe commutator pit- 
ting and heavily-scratched contact sur- 
faces of the brushes. The rear tips of 
23 guide vanes caused V-type vibration 
marks on the gearcase-support segment 
of the forward frame. 

The compressor-rotor blades were 
eroded severely at the blade tips and 
trailing edges. Erosion was moderate 
on all blade leading edges. The first- 
stage blades were bent at the trailing 
edges. All the anodizing surface treat- 
ment was eroded from aluminum spacers 
and wheel rims, as well as the dichro- 
mate surface treatment of the steel- 
wheel rims. The compressor-stator 
blades were eroded severely at the trail- 
ing edges near the base in the forward 
stages. 

Erosion was more severe and local- 
ized closer to the blade tips in the later 
stages. The compressor casings were 
eroded enough to indicate the pattern 
of airflow in the forward stages. The 
extraction air holes were eroded, giving 
the circular holes an elliptical shape 
with the long axis parallel with the air- 
flow. All the dichromate treatment was 
eroded from the magnesium casing and 
stator rings and from the magnesium 
midframe in the diffuser section. 

The inner liners of the combustion 
chambers were in excellent condition. 
Several outer liners were discolored, 
indicating hot spots during the sand- 


test operation. The bellows in each 
outer chamber was full of sand, pro- 
hibiting free expansion and contraction 
of the chamber. The drain line of No. 
3 and No. 6 combustion chambers was 
broken. The transition pieces indicated 
slight and uniform erosion. 

All nozzle-diaphragm blades indicated 
slight erosion at the blade trailing edge, 
with excessive erosion of the outer- 
blade trailing edge behind combustion 
chambers 5, 6, and 7. The turbine 
buckets had uniform erosion of all blade 
tips inward for 34-in. on the convex 
side. Zyglow inspection of the wheel 
indicated no cracked buckets. The tur- 
bine shroud ring had three areas, 5-in. 
long and %-in. wide, burned away be- 
hind burners 5, 6, 7, and 8. The exhaust 
cone had a circumferential burned hole, 
3-in. long and %4-in. wide, 3-in. aft of 
the turbine flange behind burners 6 and 

A thorough inspection of oil lines, 
pumps, oil filters and bearings did not 
show any presence of sand. All balance 
air lines and air-cooling lines were 
packed with sand, permitting little or no 
effective airflow. The Ist-stage and 
12th-stage compressor air seals were 
sand-blasted, but indicated only normal 
wear on rubbing surfaces. The sand that 
had collected inside the areas protected 
by the seals was in a fine powder form. 
The mid-frame and turbine-air oil seals 
indicated only slight blast effects. Static 
and dynamic balance of the compressor 
was unchanged by the dust erosion. 


THE QUESTION OF SPEEDING UP 


The rapidity of failure of the J-47 
engine during the Eglin Field tests 
brought up serious questions regarding 
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the validity of an accelerated test. As a 
result, Air Material Command set up 
a similar test on a YF-84 airplane, using 
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Figure 3 


a J-35-A-15 engine, with the objective 
of duplicating actual operational condi- 
tions as closely as possible. After ex- 
perimenting with several dust-injection 
methods, the arrangement illustrated in 
Fig. 3 was accepted. 

The large mixing tube is an F-80 
exhaust tailpipe with the larger open- 
ing facing the aircraft inlet. The smaller 
mixing tube is a 3-in. OD pipe. The 
low-pressure region at the aircraft air 
inlet produced airflow through both mix- 
ing tubes, the velocity dependent on the 
distance of the large tube from the air- 
craft air entrance. Turbulence produced 
in the large tube thoroughly distributed 
the dust over the entire aircraft air 
entrance, thus providing natural con- 
ditions without the need of auxiliary- 
power equipment. 

The general test procedure used was 
to operate the engine to a power sched- 
ule that is followed from start to takeoff 
and climb, and from approach to land- 
ing and shut down. The dust weight- 
flow per unit of time that would be in- 
gested at each of the power conditions 
was calculated, using the corresponding 
engine mass airflow at sea-level condi- 
tions. An average time that an aircraft 
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normally remains at each of the power 
conditions was arrived at by timing 
many flights from Wright Field. 

With the time periods for each power 
condition calculated, the total weight of 
sand that the engine would ingest for 
that period was obtained. The condi- 
tions used in each run were as follows: 


Engine Condition Time Total Sand 
Idle 1 minute 336 grams 
Taxi—60% rpm 4 minutes 3240 grams 
Takeoff—100% rpm 1 minute 1620 grams 


Approach—Land— 

Taxi 60% rpm 4 minutes 3240 grams 

The sand and dust were introduced 
after each power condition was reached 
and stabilized. This schedule was to be 
followed until engine failure requiring 
removal occurred, or a sufficient number 
of takeoffs and landings were accom- 
plished to correspond with the normal 
overhaul period of the engine. For the 
F-84 aircraft, assuming fuel endurance 
of three hours per flight, and a 150-hour 
engine overhaul, this would amount to 
50 takeoffs and landings. Periodic in- 
spections were made of the progress of 
erosion by removal of the engine from 
the aircraft and partial disassembly of 
the engine. 
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REGULAR EQUIPMENT 


Only the standard cockpit instruments 
were used for engine r.p.m., tailpipe 
temperature and fuel and oil pressures. 
In any further testing, a bearing air- 
pressure line will be instrumented to 
indicate the extent of clogging of the 
air filter in the line, to avoid engine- 
bearing failures. 

The engine used was subjected to 
standard calibration prior to the dust 
tests to provide a basis for measurement 
of performance deterioration. 

The schedule was followed for four 
runs at which time the engine was re- 
moved, partially disassembled and in- 
spected. All internal surfaces exposed to 
airflow were quite clean, including the 
spark-plug electrodes—giving rise to 
possible use of small quantities (1 or 2 
Ibs.) of dust for periodic cleaning of 
the engine. Very minor erosion was 
observed and the engine was reinstalled 
and the schedule continued with visual 
inspection only until 15 runs were com- 
pleted. 

A hydraulic leak occurred, necessitat- 
ing engine removal at this point and 
again the engine was partially disassem- 
bled and inspected. The progress of ero- 
sion was observed but no serious wear 


was apparent. The engine was rein- 
stalled and the schedule was continued 
until 26 runs were completed. At this 
point, bearing failure occurred and the 
engine was removed, completely disas- 
sembled and inspected. 

The bearing air filters were clogged 
severely with sand and dust. (Fig. 4) 
The cause of the bearing failure was 
not clearly the result of the clogged 
filters, in that all filters were clogged 
and the remaining bearings gave no 
indication of impending failure. Air- 
flow checks on the clogged filters indi- 
cated that a considerable flow of air 
was obtainable still. However, No. 2 
bearing was the most critical and the 
reduced airflow probably accelerated 
failure. 

Erosion was apparent in all stages of 
the compressor and on the leading edges 
of the midframe islands. The starter- 
generator unit contained a considerable 
quantity of sand and dust, and the com- 
mutator and brushes were eroded and 
pitted. The compressor lands showed 
some pitting on the top half. Certain 
portions of the aircraft duct walls 
showed mild erosion: all other engine 
components showed little or no erosion. 


Ficure 4. 
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The static and dynamic balance of the 
compressor and motor was not seriously 
affected. 

Vibration readings during the calibra- 
tion run after the test improved over 
the first calibration of the engine. Char- 
acteristic deposits of the fine dust were 
found on all surfaces, including com- 
pressor rotor and turbine blading, in- 
dicative of airflow conditions at those 
surfaces. This suggests an experimental 
technique similar to the use of strains 
for qualitative checks or internal-airflow 
conditions in a turbine. 

At the completion of the 26 runs, a 
total of approximately 474.5 Ibs. of sand 
and dust had been passed through the 
engine. On the basis of 3 hours per 
flight, this would be equivalent to 78 
hours engine time. The effect upon 
thrust and specific fuel consumption in- 
dicated by a calibration run is_ illus- 
trated in Figs. 5 and 6 as compared 
with the factory calibration run and a 
calibration prior to the dust test. Con- 
tinuation of the J35 tests by AMC is 
planned in an effort to determine ex- 
treme limits of operation under sand 
and dust conditions. 

Comparisons of results indicate that 
an accelerated test, using high sand 
concentrations in a short period of time, 
is not a valid test, in that erosion is 
much more rapid and severe for equiva- 
lent total quantities of sand and dust 
than when conditions approaching nat- 
ural are used. 

The conditions of the test were con- 
servative in that the dust conditions ex- 
isted for every simulated takeoff and 
landing of the aircraft during the total 
test, which may not be the case in actual 
operations ; the sand and dust had a uni- 
formly high abrasive quality; natural 
conditions will vary considerably; a 
separation effect may be exercised on 
the larger, more-abrasive particles by 
airframe air inlets of another type than 
the test inlet; sand and dust concentra- 
tions will be lower where engines are 
mounted high in the ~°~elles or wings. 
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Figure 5 


On the other hand, the conditions of 
the test were not conservative in that 
ground engine operation periods in sand 
and dust may be considerably longer 
under certain tactical conditions than 
those of the test; flight time and sand 
dust may be considerably longer in 
regions of frequent dust storms where 
concentrations of dust reach altitudes 
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up to 8000 and 10,000 ft.: the force ex- 
erted on the ground by jet wakes in 
mass operations may produce concen- 


trations of sand and dust greater than 
that used in the test which was based 
on measurement behind propellers. 


ALLOWANCES 


Results must be considered in relation 
to engine time in flight, compared with 
that on the ground, varying consider- 
ably between types of aircraft missions. 

The data indicate that while aircraft 
gas turbines may not be rapidly or 
grossly affected they are not immune to 
sand and dust problems and present a 
situation worthy of further considera- 
tion. Any protective measure attempting 
to remove sand and dust from the in- 
take air appears hopeless at this point 
because turbine performance is so de- 
pendent on maximum inlet duct effici- 
ency. The most feasible approach ap- 
pears to be the use of materials of high 
erosion-resistant qualities in the critical 


511 


areas of the engine such as the com- 
pressor. In the meantime, consideration 
by the aircraft designer toward the loca- 
tion of duct entrances in lower dust- 
concentration areas or the use of flush- 
type entrances would alleviate the prob- 
lem somewhat. 

The comparative vulnerability of the 
centrifugal-flow compressor type tur- 
bine to the axial-flow compressor type 
turbine is an interesting problem. A 
test similar to that conducted on the 
J-35 engine is scheduled for the J-33 
engine. Tests to evaluate the effect of 
sand and dust on auxiliary services 
from the compressor, such as cabin- 
conditioning and anti-icing systems, are 
planned. 
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VIBRATION DIAGNOSIS IN MARINE 
GEARED TURBINES 
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INTRODUCTION 


There have been so many excellent 
papers on vibration read before this In- 
stitution and recorded in its Transac- 
tions that it is with some hesitation that 
a further paper dealing with the same 
field is now presented. The Author’s 
justification is that in this paper the 
subject is approached from a somewhat 
different viewpoint. The study of vibra- 
tions in engineering is a relatively re- 
cent development by comparison with 
the long history of mechanical and ma- 
rine engineering, mainly because vibra- 
tion problems generally present them- 
selves in a serious aspect only when 
dealing with machinery which runs at 
a high speed or in which the component 
parts are heavily loaded. It is therefore 
natural that in the early stages of de- 
velopment of any form of prime mover 
or power transmission, problems of vi- 
bration usually arise at a relatively late 
stage in the history of this development 
and most of such problems have been 
first experienced in practice and subse- 
quently handled on theoretical lines. 

Earlier work on vibration has dealt 
mainly with methods of predicting ma- 
chinery characteristics in advance of 
construction or with methods of measur- 


ing and recording vibrations (in which 
is included noise) in running machinery. 
This paper describes a technique of in- 
vestigation which has been built up over 
a period of years and which has for its 
object the determination of the source 
of vibration in any particular case with 
the primary aim of eliminating it. To the 
designer and the experimenter vibration 
phenomena may have considerable inter- 
est in themselves, but they only excite 
the attention of the marine engineer 
when they manifest themselves in an 
objectionable form and his sole concern 
is to get rid of these effects. 

Vibrations in machinery may be divid- 
ed broadly into two classes, namely, self- 
maintained vibrations and forced vibra- 
tions. The first class includes such cases 
as flutter of propeller blades, Aeolian 
tones and relaxation oscillations in which 
a system progresses more or less steadily 
in one direction until its motion is 
abruptly interrupted to be recommenced 
subsequently. In many such cases the 
distinction between the two classes has 
a borderline character. In engineering, 
self-maintained vibrations cover a very 
small proportion of the total. 

The second class, which includes al- 
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most the whole of vibrations actually 
experienced in engineering, arises when 
a mechanical, acoustical or electrical 
system receives periodic disturbances 
from an outside source. In the majority 
of text books a distinction is made be- 
tween forced and resonant vibrations but 
this distinction is one of degree rather 
than of kind. Almost every system has 
one or more natural resonant frequen- 
cies and its behavior under forced ex- 
citation is determined partly by the 
characteristics of the forcing and partly 
by the closeness of approach of the 
forcing frequencies to one of the nat- 
ural frequencies. Thus the existence of 
such natural frequencies has always 
some effect on the response of the sys- 
tem even though this effect may be small 
if the forcing frequency is far removed 
from the frequency of excitation. 

In vibration diagnosis it is frequently 
necessary to make rapid if approximate 
calculations of the behavior of a system 
subjected to periodic disturbances, and 
at such times it is convenient to express 
the mathematical equations governing 
such a system in a form which assists 
rapid calculation of essential parameters. 

While every mechanical system aris- 
ing in practice theoretically has at least 
a single infinity of natural frequencies, 
nevertheless in many cases a reasonably 
exact statement of the complete system 
may be made by considering only one of 
these frequencies at a time. The system 
then behaves nearly as a simple system 
comprising mass, stiffness and friction 
or damping. The response of such an 
idealized system to forcing at any fre- 
quency is commonly given in terms of 
these three parameters, but expressed in 
this form the equations are usually com- 
plex and their physical significance not 
easily comprehended except with prac- 
tice. 

The form recommended where con- 
venience in calculation is valuable, ex- 
presses the steady response of the sys- 
tem at a given forcing frequency after 
transients have died away, in terms of 


the resonant response, namely the re- 
sponse when the forcing frequency is 
identical with the natural resonant fre- 
quency. It takes the form :— 

F 

u = — cos (pt — d) cos gd 

r 
in which F is the magnitude of the 
sinusoidal exciting force and p its spin, 
the latter being a convenient term to 
express the angular velocity of the 
equivalent circular motion. The term r 
represents the friction or damping which 
is assumed to be of the viscous type in 
which the resisting force is proportional 
to the velocity of the system, and w is 
the velocity of the motion. The angle ¢ 
is given by— 


tand=—Q (2- =) 


in which » is the spin corresponding to 
the resonant frequency. The factor Q 
has been called the dynamic magnifica- 
tion factor or sometimes the resonance 
factor since it is a measure of the in- 
crease of vibration due to resonance. It 
will be noted that the expression given 
above gives the velocity of the system 
from which, of course, the amplitude or 
acceleration may be derived by respec- 
tively dividing or multiplying by p. The 
factor F/r may also be written in either 
of the forms QF/ws or QF/wm as may 
be found most convenient, where m is 
the mass,’s the stiffness and » the reso- 
nant spin (given by \/s/m). 

This expression is particularly useful 
for rapid calculation for a number of 
reasons. In the first place a reasonable 
estimate of the magnitude of Q may 
generally be made in advance without 
any knowledge of the mass or stiffness 
of the system. For example, in a tuning 
fork, particularly a type carrying load- 
ing masses at the fork ends, the value 
of Q is usually very high between 1000 
and 10,000. In an unbladed turbine rotor 
of the gashed type Q is usually of the 
order of 1000. When the rotor is bladed 
a value between 100 and 1000 is fre- 
quently obtained with a tendency for 
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low and variable figures before the rotor 
has been first run up to speed which 
assists in bedding down blade roots. 
Individual turbine blades or groups of 
blades may have a Q value in the region 
of 20 to 200 or higher. A riveted struc- 
ture such as a bridge or machinery seat- 
ing may show Q values of the order of 
10—100 according to the quality of 
riveting. A torsional shaft system such 
as occurs in marine propulsion gener- 
ally has a Q of the order of 8—20 and 
in such systems hydraulic damping at 
the propeller is the main reason for 
producing a low value of Q. 

In the second place this expression 
shows at once one most important char- 
acteristic of simple forced vibration, 
namely, that the frequency of vibration 
is the frequency of excitation corre- 
sponding to the spin p and not the reso- 
nant frequency corresponding to the spin 
. This means that with a simple sys- 
tem, or a complex system in which one 
natural frequency is sufficiently far re- 
moved from the others to be relatively 
unaffected by their presence, the re- 
sponse to forcing must occur at precisely 
the forcing frequency. An exact deter- 
mination of the actual frequency occur- 
ring can then indicate. with precision 
what is the prime cause of the vibration 
even though precise knowledge of the 
resonant frequency is not available. 

Thirdly, the maximum value of veloc- 
ity occurring during any one cycle of 
the vibration .(when only the exciting 
frequency -varies) depends only upon 
the angle ¢ (which depends in a com- 
plicated manner. upon the relationship 
between p and » as well as upon the 
other constants of the system) and is 
given in a very simple form by the co- 
sine factor cos ¢. This has made possi- 
ble the construction of a universal reso- 
nance nomogram’* which is reproduced 
here (Fig. 1) by permission of the 
editor of The Engineer. This chart en- 
ables the response of a system of known 
characteristics subjected to forcing at 
any frequency, tobe determined very 
quickly in the neighborhood of reso- 
nance. Far removed from resonance the 


response is simply calculated but in any 
event the vibrations which cause trouble 
are usually closely associated with the 
resonant condition. 

A brief examination of this chart 
shows that for Q values higher than ten 
the response in the region close to reso- 
nance varies rapidly for small changes 
of forcing frequency. This is reflected in 
vibration measurements by the fact that 
the magnitude of vibration is rarely 
steady for more than a few seconds at a 
time, as is to be expected in rotating ma- 
chinery where the speed of rotation may 
readily vary from the nominal value by 
one or two per cent. In the choice of 
equipment for detecting and measuring 
vibrations, it is therefore pointless to 
aim at a high standard of accuracy in 
the measurement of vibration magni- 
tude, and normally an accuracy of 
+ 20% is more than sufficient while 
much valuable work may be done with 
equipment whose calibration from the 
point of view of amplitude or intensity 
measurement is entirely unknown. On 
the other hand, the determination of fre- 
quency must be made to a very high 
order of accuracy, and this point will 
receive attention subsequently. 

The information contained in the 
equation given above for the behavior 
of a simple resonant system may also be 
expressed graphically in another form. 
Fig. 2, which is reproduced here for the 
first time, shows a universal resonance 
chart which is particularly suitable for 
use when examining experimental meas- 
urements in order to ascertain whether 
they do in fact represent a simple reso- 
nant system and if so, to determine the 
appropriate value of Q. 

In this case it is not possible to adopt 
a double scale for the mis-tuning since 
the two-dimensional character of the 
chart would result in confusion. Mis- 
tuning is therefore to be calculated as a 
percentage of the lower frequency, 
which will be the frequency of excita- 
tion when this lies below the resonant 
frequency. In the range above the reso- 
nant frequency the latter is to be used as 
the basis. 
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DYNAMIC MAGNIFICATION FACTOR 
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CURVE A= SINGLE RESONANCE SYSTEM (Q - 60) 
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D - TYPICAL EXPERIMENTAL RESULTS (X LEFT FLANK © RIGHT FLANK) 


Fig. 2—Universal Resonance Chart 
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When the response expressed as a per- 
centage of the resonant response is 
plotted against percentage mis-tuning on 
this chart, the points will lie on a ver- 
tical straight line if the system has sim- 
ple resonant characteristics, and the 
position of this line depends on the Q 
value. As with the nomogram of Fig. 1, 
the scale is such that the region close to 
resonance may be examined in detail 
without requiring an exaggerated scale 
at points far removed from resonance. 
Lines marked A, B and C are included 
to indicate the extent of departure from 
a straight line when the system has dou- 
ble or treble resonant characteristics. 
That is to say, line A indicates the 
response of a simple system having a Q 
of 60, whereas B shows the behavior 
when two such systems are used in cas- 
cade with the excitation for the second 
system derived from the first. The reso- 
nant frequency is identical for both, i.e. 
there is no separation such as would 
produce a band-pass effect. It will be 
noted that in the immediate vicinity of 
resonance the line is nearly vertical and 
corresponds to a Q greater than 60 in 
the ratio \/2: 1, but at points further 
removed from resonance the line curves 
off towards the right-hand side of the 
chart. In the treble resonant system in- 
volving three simple systems all having 
a Q of 60 and the same resonant fre- 
quency, the behavior near resonance 
approximates to that of a simple system 
with a Q of \/3 times 60, and further 
away from resonance the line again 
curves off to the right and more sharply 
than for the double system. 

To illustrate the value of this chart 
for the purpose for which it is intended, 
line D is drawn with reference to the 
marked points which, in fact, represent 
experimental measurements made during 
the analysis of the natural vibration 
characteristics of a second-reduction 


gear wheel. Prior to the preparation of 
this chart, it was necessary to plot such 
measurements on logarithmic paper, 
estimate by inspection the probable value 
of Q, and draw in, point by point, a 
resonance curve to see if it coincided 
reasonably closely with the measured 
points. With this new chart no such 
trial and error process is necessary. For 
practical purposes the number of refer- 
ence lines on the chart is, of course, 
increased, and many of these have been 
omitted in Fig. 2 for the sake of clarity. 

The foregoing remarks relate to the 
steady state response of a simple vibrat- 
ing system after initial transients have 
died away. Such transients are seldom 
of importance in vibration associated 
with running machinery but they have 
an important effect on the behavior of 
instruments designed to measure such 
vibration. When an alternating excit- 


ing force is applied to a vibrating system 


its effect increases at first rapidly and 
then at a reduced rate, so that the final 
response is attained in exponential fash- 
ion and the time to reach any desired 
fraction of the ultimate steady state 
response depends on the frequency of 
excitation and on the value of Q. This 
effect may be most conveniently ex- 
pressed in terms of the number of cycles 
required to reach approximately full 
response. Regardless of frequency a 
response of 96% of maximum will be 
achieved after Q cycles of the excitation 
have been allowed to act on the system. 
For example, a system having a Q of 
100 and stimulated at a frequency of 
1000 cps will attain practically full 
response in a tenth of a second, whereas 
it would require ten seconds to do so at 
the much lower frequency of 10 cps. 
Any small variation in exciting fre- 
quency occurring within the time re- 
quired for build-up is therefore much 
more important at low than at high 
frequencies. 


THE VELOCITY CRITERION 


For some reason it is customary to 
express the magnitude of mechanical 
vibration in terms of its linear or an- 
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gular amplitude. This has presumably 
arisen because it is the only parameter 
immediately perceptible by the human 
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senses, and it dates from the days when 
vibration measuring equipment was not 
available and the engineer had to rely 
on visual measurements of the actual 
amount of motion taking place. It will 
be obvious that the amplitude of vibra- 
tion permissible in a large low-speed 
machine would be quite prohibitive in a 
small fast-running machine of otherwise 
similar design. For example, specifica- 
tions for turbines used in land power 
stations sometimes call for a guarantee 
that the amplitude of pedestal vibration 
shall not exceed 0.002 in. While this is 
relatively easily achieved in machines 
running at 3000 r.p.m., it would be 
difficult to ensure in a 1500 r.p.m. ma- 
chine, and would be no guarantee of 
smoothness in a high-speed turbine run- 
ning at 6000 r.p.m. 

It is obviously desirable to measure 
vibration magnitude in a unit which will 
result in similar values for all machin- 
ery of the same type and constructed 
with the same degree of precision. It 
might appear that the maximum accel- 
eration occurring in the vibration would 
be a suitable criterion, since this is a 
measure of the forces acting upon every 
pound of that part of the system which 
is concerned in the vibration, but a little 
consideration will show that this cri- 
terion has erred in the other direction, 


because the larger and therefore heavier 
low-speed machine will comprise parts 
whose masses vary with the cube of the 
linear dimensions while the cross-sec- 
tional areas available for carrying loads 
only increase as the square of these 
dimensions. 

There are a number of reasons for 
concluding that the velocity of vibration 
is the most suitable criterion, and these 
are given in detail in Appendix 1. What 
has just been stated appears reasonable 
on qualitative grounds and is in fact 
borne out in practice. 

Measurements of bearing pedestal 
vibration made in a large number of 
ships on the basis of vibration velocity 
(in which the rms value of velocity was 
recorded) indicate that Table 1 repre- 
sents a reasonably accurate relation be- 
tween vibration velocity and smoothness 
of running. The column headed “Equi- 
valent db” will be referred to subse- 
quently. The measurements were made 
with a direct-reading portable vibrom- 
eter developed for the purpose. 

The use of velocity as a basis is al- 
ready accepted in noise measurement, 
where the noise intensity is defined as 
energy flux per unit area of cross sec- 
tion and is proportional to the square 
of the air particle velocity (neglecting 
variations in atmospheric density). It 


TABLE 1 
Condition Ins/sec. rms. Equivalent db. 

Unsatisfactory, but probably not im- 

mediately dangerous .............. 1 
Immediate investigation desirable. ... 120 
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is, of course, true that at any one fre- 
quency noise intensity is proportional 
to the square of any of several param- 
eters, e.g. sound pressure, particle dis- 
placement, velocity or acceleration. 
However, apart from pressure, the 
velocity is the only true measure of 
sound intensity when the frequency also 
varies. 

The third column of Table 1 indicates 
the sound level in decibels of plane 
sound waves having rms. particle veloc- 
ities equal to those given in the second 
column. Conditions in an engine-room 
do not correspond precisely to plane 
waves, and one would expect that the 
sound intensity measured at some dis- 
tance from the source of disturbance 
would be less than that having the same 
particle velocity at the source, particu- 
larly if the source is small, as for exam- 
ple a bearing pedestal in contra-distinc- 
tion to a large surface such as the wall 
of a gear case. However, it is clearly 
more than a coincidence that the value 
of bearing pedestal vibration velocity 
referred to as “normal” in Table 1 
corresponds to a noise level at the 
source of 102 db. The standard of 
smooth running chosen in this Table 
was derived as already explained by 
many measurements on running machin- 
ery, and, therefore, may be taken to 
represent average good practice. On the 
same basis the noise intensity in an 
enginé-room having machinery of good 
design and built to modern standards of 
accuracy is usually of the order of 100 
db. Similarly, the velocity of 2 in. per 
second, suggested as an upper limit de- 
manding immediate investigation, cor- 
responds on the basis of equivalent par- 
ticle velocity to a noise level of 120 db 
which will be generally accepted as a 
very high noise level and would, of 
itself, require action to be taken. 

The stress induced in the structure of 
a machine by vibration velocities of the 
order of one or two inches per. second is 
not of itself sufficient to cause failure 
of the part having these velocities, and 
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their significance lies in the fact that 
fortuitous resonances of some other part 
may cause much larger vibration veloc- 
ities elsewhere. For example, a pedestal 
vibrating at 1 in/sec. may only be 
stressed thereby to about an eighth of 
a ton per square inch, but a turbine 
blade excited to resonance by the same 
vibration may readily be stressed up to 
five or ten tons per square inch, which 
may have serious consequences, particu- 
larly if the blade already carries centri- 
fugal stresses of some magnitude. 

Table 1 relates to turbine and gearing 
bearings in main propulsion machinery, 
and represents in the Author’s opinion 
a reasonable comparative basis for such 
plant. It is not suggested that the same 
scale necessarily applies to machinery 
of very different type, as for example, 
a railway engine or a sewing machine, 
since the limiting factors may be ques- 
tions of habitability and comfort rather 
than mechanical stresses and also be- 
cause the relationship between vibration 
velocity and stress necessarily varies 
somewhat in machines of different type. 
However, this variation is less than is 
commonly supposed, as will be seen from 
Appendix I. 

The choice of vibration velocity as a 
criterion has a further advantage from 
the point of view of the design of instru- 
ments to measure and record vibrations, 
In one of the simplest types of vibration 
pick-up, a magnet is attached to the 
vibrating body and has suspended within 
its field a coil of wire attached by a light 
suspension. The natural frequency of 
the coil on this suspension is made 
sufficiently low to be below the lowest 
frequency which it is desired to record, 
and in such circumstances the coil re- 
mains approximately fixed in space 
while the magnet moves past it with a 
motion equal to that of the vibration 
under investigation. The voltage output 
from the coil is directly proportional to 
the velocity of vibration and therefore 
an instrument of this type automatically 
reads velocity. In the crystal type of 
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pick-up as normally employed, the po- 
tential‘difference set up across a crystal 
is proportional to the acceleration of 
the motion and such pick-ups tend to 
give a low sensitivity for vibrations of 
low frequency. If they are followed by 
an integrating stage, the resulting out- 
put is once more proportional to veloc- 
ity for a wide range of frequency whose 
lower limit depends on the time constant 
of the integrating circuit. At first sight 
it might appear that the crystal pick-up 
has a great advantage in that it does 
not require a seismic mount but is at- 
tached directly to the vibrating body, 
whereas the moving-coil type has a 
natural resonance which must lie below 
the lowest frequency to be dealt with. 


This is sometimes inconvenient since 
limiting this resonance to a very low 
frequency means necessarily a. rela- 
tively large mechanical displacement 
under the weight of the coil, so that it 
is inconvenient for use in both vertical 
and horizontal directions at the same 
setting. However, the advantage of the 
crystal is more apparent than real since 
the use of a long time-constant in the 
integrating circuit, while it may allow 
the available frequency range to be ex- 
tended downwards, nevertheless at the 
same time brings about a reduction in 
sensitivity precisely proportional to the 
lower limit of frequency at which con- 
stancy of proportionality is _ still 
achieved. 


CONVENIENCE OF NOISE MEASUREMENT 


The opinion is sometimes expressed, 
and still more frequently is held without 
conscious expression, that the correct 
way to approach a vibration problem 
is to measure the mechanical vibrations 
which are present. It is certainly true 
that this must be done if a complete 
statement of the conditions is to be 
made, but if the prime object of the in- 
vestigation is to trace the origin of the 
disturbance so that it may be eliminated, 
then there is much to be said for doing 
at least the preliminary work by meas- 
urement of noise. This is, of course, 
useless at very low frequencies since 
neither the ear nor a microphone of 
normal type has appreciable sensitivity 
for frequencies lower than about 60 
cycles per second. Nevertheless there 
remains in marine engineering a wide 
range of vibration phenomena in which 
the frequencies are higher than this 
lower limit, and in such cases the micro- 
phone is an extremely convenient way 
of picking up sufficient of the disturb- 
ance to identify its source. The micro- 
phone does not require physical attach- 
ment to the machinery, and in the con- 
fined space of a ship’s engine-room 
noise emananting from any part of the 
machinery may be transmitted to other 
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parts of the engine-room with relatively 
little attenuation. Sometimes, of course, 
it may appear to gain in intensity by 
such transmission due to the setting up 
of standing waves in the air, but these 
do not usually cause serious difficulty. 
In any case, mechanical vibration in a 
structure may also be transmitted to 
other parts of the structure with en- 
hancing of its intensity at certain points 
due to local resonance. As mentioned 
earlier, the intensity of most vibrations 
which actually occur and give trouble 
in marine engineering installations gen- 
erally varies from moment to moment as 
well as from place to place, so that an 
exact measurement of magnitude is both 
difficult and pointless. 

The equipment to be described for 
analyzing and interpreting vibration 
measurements may be actuated by any 
type of microphone or vibration pick- 
up, whether adapted to measure linear 
or angular motions and whether at- 
tached to pedestals and seatings or to 
rotating parts. The pick-up is merely 
a means of translating bodily motion 
into an electric voltage, containing in 
its variations all the characteristic quali- 
ties of the physical motion and in par- 
ticular all its component periodicities. 
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WAVE ANALYSIS 


It rarely happens that objectionable 
noise or vibration consists so largely of 
one frequency component that a pre- 
cise diagnosis may be made by one sim- 
ple frequency measurement. In general 
the disturbance is very complex, con- 
taining so many components covering a 
wide frequency range that even the 
strongest of them cannot be identified 
with certainty without some means of 
separating it from the others. This proc- 
ess of separation is given the general 
name of “wave analysis,” and the opera- 
tion may be performed in a variety of 
ways. 

Perhaps the oldest method is to secure 
a visible record, on paper, celluloid or 
photographic film, of the form of the 
vibration or noise, which shows how 
the quantity measured varies with time. 
The numerous methods of obtaining such 
a record have been very fully described 
elsewhere, and will not be dealt with in 
detail here, except to say that for low 
frequencies (say up to several hundred 
cycles per second) the mechanical vibro- 
graph recording on celluloid is very 
convenient, while photographic records 
may be made up to 10,000 cps. or higher. 
The record must then be examined by 
the methods of Fourier analysis, which 
enables the strength of the various har- 
monics of the fundamental frequency to 
be determined with greater or less accu- 
racy according to the complexity of the 
record. In practice, noise and vibration 
occurring in running machinery are 
usually so complex that the basic fre- 
quency, of which all higher components 
are to be expressed as multiples in the 
Fourier method, is extremely difficult to 
identify since it has really no physical 
significance. For this type of record the 
envelope method described by Manley * 
is particularly suitable. 

Fourier analysis of a complete wave 
form is a very lengthy business, and 
cannot possibly be done on the spot. 
Records must be taken away for exam- 
ination and analysis, and if further in- 
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formation is found to be necessary, this 
requires a further trial, which is not 
always convenient for the shipbuilder 
or shipowner. Much attention has, there- 
fore, been devoted by many workers 
during the last fifteen years to the de- 
velopment of instruments which will 
give a direct analysis on the spot, ena- 
bling further measurements to be quickly 
made in order to check a tentative 
theory. 

These wave analyzers may be broadly 
divided into two types, which differ in 
one very fundamental way. In the first 
type the sole indication of the presence 
of a component of any given frequency 
is given by a meter reading, while the 
second type acts as a tunable filter, 
passing on the selected component as a 
sinusoidal variation of, usually an elec- 
trical voltage, and suppressing other 
unwanted components. Analyzers of the 
first type lose the oscillatory character 
of the particular component whose ex- 
istence they demonstrate and whose 
strength they can measure. Only the 
tuned filter type of analyzer can retain 
the oscillatory character of the wanted 
component, and experience has shown 
that it is most important to be able to 
do so. 

Appendix III explains in more detail 
the operating principles of various types 
of wave analyzer and their relative ad- 
vantages and disadvantages. Research 
work at Pametrada Research Station 
has resulted in the development of im- 
proved forms of wave analyzer of the 
tuned filter type and Fig. 3 shows the 
degree of selectivity actually obtained 
with these instruments together with 
the performance of an analyzer employ- 
ing the simple Scott bridge. In addition 
to improved selectivity the Pametrada 
wave analyzers incorporate a selectivity 
control by means of which the frequency 
responsive character of the instrument 
can be varied, even down to the limit 
of zero selectivity at which the whole 
input signal is transmitted without fre- 
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quency discrimination. In practice this 
is found to be a most valuable feature 
and the instrument combines the func- 
tions of wave analyzer and sound level 
meter. 
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Identification of Source— 
the Wave Correlator 


Having isolated any one component 
from the complex wave, it is next neces- 
sary to identify its origin if the analysis 
is to serve any practical purpose. For 
this a measurement of frequency, which 
is immediately available from the cali- 
brated scale of the analyzer tuning con- 
trol, is very useful and often sufficient. 
But there is generally some doubt about 
any deductions made merely from meas- 
ured frequencies, since both the analyzer 
scale and the scales of shaft tachom- 
eters are liable to small errors of cali- 
bration or reading, and furthermore, 
they cannot be read at precisely the 
same instant, so that the engine speed 
may have drifted slightly in the mean- 
time. This is well illustrated by Figs. 4 
and 5, in the first of which only analyzer 
frequency readings and shaft tachometer 
indications were available. The plotted 
points lie sufficiently near to lines in- 
dicating certain multiples of shaft speed 
as to suggest that the observed frequen- 
cies were probably those multiples. How- 
ever, in the second graph special steps 
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Charts of Noise Frequencies Induced by Flexible Coupling (Example 1) 
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were taken to ascertain whether this 
was in fact the case. It was found to 
be so, and the main shaft speeds plotted 
as abscissae were then calculated from 
the frequency ratio. The trials to which 
this graph refers were taken at three 
selected nominal speeds, and the plotted 
readings show that the speed actually 
deviated from the nominal values by a 
small percentage. 

In addition, then, to mere measure- 
ments of frequency there are two meth- 
ods of identification capable of greater 
exactness. The first, which is by far the 
less powerful of the two and is only 
occasionally applicable, is to look for 
some particular quality in the compo- 
nent under investigation and then seek 
for some part of the machinery which 
also possesses that quality. This may 
take the form of a modulation at some 
lower frequency, so that the amplitude 
of the vibration or noise component rises 
and falls at a definite and measurable 
periodicity. This is illustrated in Exam- 
ples 2 and 3.* Of course a high-quality 
analyzer will do a great deal to remove 
such modulation, so that this method 
of identification finds its greatest appli- 
cation in rough-and-ready diagnosis 
with very elementary apparatus, as was 
the case in both examples quoted. 

The second method of identification 
is much more refined and powerful, and 
often gives results which permit atten- 
tion to be withdrawn from every part 
of the machinery except one, and con- 
centrated on that one with a certainty 
which cannot be gainsaid. A certain 
knowledge that the trouble lies in a 
restricted and identifiable part of the 
machinery is often half way to the solu- 
tion. 

This method consists in comparing the 
component frequency with the rotational 
speed of each shaft in the machinery or 
in any of its auxiliaries, by a technique 
which is capable of detecting differences 
of the order of one part in many thou- 
sands. In its simplest form (described 


* For examples see p. 529, et seq. 
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in Example 1) a cathode-ray oscillo- 
graph, which may conveniently be ot 
the double-beam variety, is used. The 
time-base or horizontal sweep is ad- 
justed so as to recur slightly less fre- 
quently than the rotation of the shait, 
and a timing pulse derived from the 
shaft itself is applied to the synchroniz- 
ing terminal so as to return the beam to 
the beginning of its sweep at precisely 
each revolution of the shaft. The timing 
pulse may be generated by a small mag- 
net carrying a pick-up coil and fixed 
near the shaft, which is provided with 
a small notch or projection at one point 
on its periphery. If a double-beam tube 
is used, the timing pulse may be applied 
to the input side of the appropriate 
amplifier and the synchronizing connec- 
tion taken from the deflector plate of 
the second beam. This has a double 
advantage in that an amplified voltage 
is available for synchronizing, and also 
the pulse is made visible on the second 
beam, which will demonstrate that the 
sweep frequency is equal to the shaft 
speed and not a fraction nor a multiple 
of it. 

The vibration or noise component 
under investigation, after selection by 
the analyzer, is now applied to the de- 
flector plates of the main or first beam. 
If its frequency bears no integral rela- 
tionship to the speed of the shaft, then 
the pattern on the oscillograph screen 
will appear to be moving laterally, pos- 
sibly so rapidly as to cause only a gen- 
eral blur. If, however, the frequency 
ratio is a whole number, then the pattern 
will appear to be stationary, having one 
complete wave for each unit of the in- 
tegral ratio. Even a very small depar- 
ture from an integral value will eventu- 
ally cause a noticeable shifting of the 
pattern. For example, suppose that a 
frequency of approximately 720 cps. is 
being compared with a shaft speed of 60 
revolutions per second or 3600 r.p.m., 
twelve complete sine-waves will appear, 
and if the pattern does not move later- 
ally by more than half a wave in, say, 
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two minutes, then it is clear that the 
frequency ratio cannot be greater or 
smaller than twelve by more than one 
part in about 170,000. Experience (Ex- 
ample 1) shows that in such a case the 
order of accuracy quoted is easily ob- 
tainable. 

The method described above is only 
applicable provided that two conditions 
are fulfilled. The first of these is that 
the ratio is not too high. For any in- 
tegral multiple up to about twenty or 
in exceptionally favorable circumstances 
perhaps forty, the time base of the 
oscillograph may be triggered by a 
pulse derived from shaft rotation and 
the appearance of a stationary pattern 
on the screen may be definitely identi- 
fied if the number of complete waves 
visible does not exceed the values men- 
tioned. Clearly the higher values can 
only be recognized if the component is 
very steady in amplitude. If, however, 
the ratio is much larger, such as would 
result from the attempt to compare the 
tooth-engagement frequency with the 
speed of rotation of the low-speed wheel 
of a gear train, then the pattern be- 
comes so fine in texture that the eye 
and screen are incapable of resolving it. 

Some improvement can be obtained 
by broadening out the horizontal trace 
so that only a fraction of it is visible 
on the screen but in many cases the 
second condition then becomes vitally 
important, namely that the frequency of 


repetition of the complete pattern must 
be sufficiently high to enable the eye to 
appreciate the pattern as a whole instead 
of following the movement of a point 
of light. A long delay screen is of some 
assistance but can only affect limited 
improvement. 

A new instrument which has been 
called the “wave correlator” provides a 
more precise means of recognizing in- 
tegral frequency-multiples with sufficient 
discrimination to be able to deal with 
multiples up to the 600th order or there- 
abouts. It incorporates four separate 
channels so that frequency relationships 
with four different shaft speeds may be 
examined simultaneously. Each channel 
has two neon tubes controlled both by 
the vibration component under investi- 
gation and by the shaft periodicity. One 
tube flashes if the vibration signal is 
positive at the moment when the timing 
pulse arrives from the shaft, and the 
second flashes if the signal is negative 
at the pulse instant. 

When the signal frequency is an in- 
tegral multiple of shaft periodicity, the 
pulse always arrives with the same phase 
relationship to the signal and so only 
one tube of the pair will fire. For non- 
integral frequency ratios both tubes will 
fire at different times, and if the shaft 
speed is sufficiently high their illumina- 
tion will appear continuous. 

The correlator is fully described in 
Appendix ITT. 


“VEST-POCKET” INSTRUMENTS 


The precise and powerful instruments 
described in the foregoing sections are 
all portable. They have been designed to 
facilitate use on shipboard, and have 
been so used on numerous occasions. 
Nevertheless, although each piece is 
readily portable, some consideration 
must be given to transport since there 
are four essential items (analyzer, ana- 
lyzer power unit, correlator and oscillo- 
graph), in addition to microphone, pick- 
up and timing devices, headphones, spare 
valves, and so forth, and frequently a 
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small motor-alternator set to obtain the 
necessary supply of 250-volt alternating 
current. Consequently, the full equipment 
is usually reserved for cases where 
serious vibration or noise is known to 
be present. 

Experience has shown that certain 
instruments of really portable type can 
be of very great value, even if much 
more elementary than the full analyzing 
and correlating equipment. A good deal 
of attention has been paid to the selec- 
tion of pocket instruments, so small and 
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light that the observer is not incon- 
venienced. by carrying them with him 
on every trial, even if there is no prior 
reason.:to suspect that they may be re- 
quired. 


Reed Vibrometer 


. One of the most valuable instruments 
of this type is the tuned-reed vibrometer, 
of which the type known as the Anson 
is particularly convenient. It consists 
of a steel tape wound round a drum 
concealed inside the body of the instru- 
ment, and protruding through guides. 
A knurled knob permits the drum to be 
rotated so as to vary the projecting 
length of tape, and a calibrated scale 
enables the natural frequency of the 
reed so formed to be read off. In use 
the body of the vibrometer is held 
against the machinery under test in 
such a way that the vibration is approxi- 
mately at right angles to the plane of 
the reed. The knurled knob is turned 
slowly and steadily through the tuning 
range, and when any one component of 
the vibration is attained the reed will 
vibrate comparatively strongly. The 
range of frequencies available on the 
calibrated scale extends from 200 to 
20,000 per minute and the effective QO 
of the analyzer is in the neighborhood of 
50 to 100. Some care is required at 
the very low frequencies, since the time 


to build up maximum response’ is nat- 
urally rather long in this region and 
unsteady holding may set up transient 
vibrations which take so long to die 
down that they may be mistaken for 
forced resonance. The instrument can- 
not, of course, be applied to very small 
parts, since its weight in contact with 
them might destroy the vibration or 
modify its frequency seriously, but for 
turbine pedestals, platforms, gear cases, 
thrust blocks and so forth, it is very 
convenient. The instrument is also pro- 
vided with a detachable spindle carry- 
ing a slightly eccentric weight and 
terminating in a rubber “center” which 
may be applied to the end of a rotat- 
ing shaft. The unbalance force acting 
on the weight as it revolves will actuate 
the reed when it is tuned to resonance 
with the speed of rotation of the shaft. 

In using this instrument the reed will 
sometimes vibrate in loop form with 
one or more nodes along its length. This 
means that it is moving at one of its 
higher orders of vibration. Such indi- 
cations must be disregarded and a 
search made higher up the frequency 
scale with a shorter reed, until a true 
cantilever motion is found. The ratio 
of true frequency to spurious frequency 
may be estimated from the data in Fig. 
6 for the clamped-free mode of trans- 
verse vibration of a rod. 


NATURAL FREQUENCY Hers 
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Fig. 6—Transverse Vibration of Uniform Bars 
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Pitch Pipe 


For the determination of higher 
(audible) frequencies a pitch pipe or 
tunable whistle is very helpful if prop- 
erly used. This is simply a whistle hav- 
ing a tuned reed or a movable piston to 
vary the note. One in the Author’s 
possession is of the former type, and is 
consequently very compact, being only 
2% in. long overall. It is blown (or 
rather sucked) by the mouth, and the 
note varied by a calibrated cam. Al- 
though it only covers a range from 360 
to 780 cps., it has nevertheless been 
found of great value when once the 
proper method of employing it had been 
discovered. First attempts were com- 
pletely unavailing, as the note produced 
by the pipe was far too weak to be 
audible in any ordinary engine-room, 
much less in a noisy one. However, the 
use of a stethoscope applied to the body 
of the pipe reduces the engine noise heard 
by the ear and at the same time picks up 
the pipe note more strongly. The pipe 
is then clearly audible, even when blown 
gently which gives the purest note. If 
the engine noise has only two or three 
predominant components, their frequen- 
cies may be accurately located by the 
presence of a slow beat when equality of 
pitch is nearly reached. 


Stethoscope 


The ordinary medical stethoscope is 
not of much use in studying engine 
vibrations, but it may be much improved 
by removing the vulcanic cap and re- 
placing it by a rubber bung having a 
small hole bored through the center. 
If a metal rod is inserted in the hole, 
of a size to fit it tightly, vibrations in 
machinery are rendered clearly audible 
by touching the end of the rod against 
an appropriate part of the machinery, 
and at the same time general air-borne 
noise is transmitted only weakly. By 
removing the rod the instrument may 
be used to search for localized sources 
of air-borne noise. 


Acoustic Resonators 


Preliminary work has shown that 
simple Helmholtz resonators, of the 
tunable type with a variable cavity, are 
likely to prove of considerable value. 
While not in themselves sufficiently 
selective to give accurate frequency 
determinations, they will increase the 
relative intensity of a weak component 
sufficiently to obtain the frequency ac- 
curately by beating with the note of a 
pitch pipe. Further work on convenient 
forms of resonator is proceeding. 


SIGNIFICANCE OF CERTAIN HARMONIC PATTERNS 


The presence of a strong component 
having a frequency related to the speed 
of a particular shaft by an integral mul- 
tiple enables attention to be directed 
to that shaft, or another running at 
precisely the same speed, to ascertain 
what mechanical feature is capable of 
causing regularly repeated disturbances 
exactly so many times per revolution. 
For example, the number expressing 
the multiple may be the number of teeth 
in a gear wheel or pinion carried on the 
shaft, or the number of teeth in the 
master wheel of the hobbing machine 
which was used to cut the gear. It may 
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be the number of bolts in a flanged cou- 
pling running sufficiently fast to cause 
an audible noise or a simple multiple of 
that number. The possibilities are nu- 
merous, and each case must be examined 
on its merits. There are, however, cer- 
tain multiples, or combinations of multi- 
ples, which arise sufficiently frequently 
to warrant special mention. 


First Multiple 


The most usual cause of a disturbance 
arising once per revolution is eccen- 
tricity in one form or another. Unbal- 
ance of a turbine motor or pinion will 
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give rise to this effect, and its presence 
can usually be detected in high-speed 
machinery even if the balance is good. 


Second Multiple 


The presence of an appreciable amount 
of second harmonic points to some 
measure of ovality in the shaft, either 
literally or effectively. The most com- 
mon cause of second harmonic is a bent 
shaft. Even if the shaft is re-balanced 
so that the first harmonic (i.e., once per 
revolution), disturbances are more or 
less completely removed, the journal will 
be forced to rotate about an axis which 
is approximately the straight line join- 
ing the centers of both journals, and 
does not coincide with the geometrical 
axis of the journal. Consequently, the 
journal will execute an “elbowing” mo- 
tion in its bearing. The load will only 
be distributed more or less uniformly 
along the length of the bearing at two 
particular orientations of the shaft, and 
in between these two positions there 
will be concentrations of load first at 
one end of the bearing and then at the 
other end. Thus forces arise having a 
periodicity of twice the speed of shaft 
rotation. This condition arises much 
more frequently than is generally sup- 
posed, and only requires a very small 
bend to give an appreciable effect. The 
thickness of the oil film in a bearing is 
so small that even a difference of one 
thousandth of an inch between the film 
thicknesses at the two ends of the bear- 
ing is sufficient to cause a considerable 
disparity in the loads carried at the two 
ends. In practice a bend of 0.002 in. in 
the length of the bearing may cause 
distinctly rough running. The effect may 
be aggravated if the pedestal has any 
tendency to rock as the load on it 
travels axially back and forth along 
the length of the bearing. Incidentally, 
the frequency of such rocking motion 
will be equal to, and not twice, the 
shaft speed as the successive load peaks 
act alternately at opposite ends of the 


pedestal. 
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The fitting of a spherically seated 
bearing does nothing to overcome the 
elbowing action in a high-speed bearing, 
since the spherical seat is only adapted 
to correct the static alignment of journal 
and bearing and will be prevented by 
friction from oscillating at shaft-rota- 
tion frequency. 


Multiples n-1,n,n + 1 

If a sinusoidal disturbance occurs 
times per revolution of a shaft rotating 
with angular velocity p radians per sec- 
ond, it may be expressed as a function 
of time in the form of a cos (mpt + 8), 
where a is the half amplitude and § is a 
phase angle which may be measured 
from any suitable datum position of the 
shaft. (Incidentally, if the disturbance 
is not sinusoidal its expression will 
contain harmonic terms of spin 2np, 
3np ... etc., as well). 

Now it may happen that the ampli- 
tude a is not constant, but varies slightly 
in a cyclical manner as the shaft re- 
volves, having one maximum and one 
minimum value during each revolution. 
For example, a gear wheel of m teeth 
may produce torque variations or audi- 
ble pulsations n times per revolution, 
and in addition the tooth annulus may 
be set slightly eccentric to the shaft 
axis (see Example 2). In this case the 
amplitude of the disturbance will not 
be constant, but will take the form 
a + b cos pt (if the phase datum is 
chosen suitably). Hence the disturbance, 
expressed as a function of time, will con- 
tain the term 6 cos pt cos (npt + 8) 
in addition to the nth multiple a cos 
(npt + 8). This additional term involv- 
ing the product of two cosines repre- 
sents a modulation of the nth multiple 
by the first multiple of shaft periodicity, 
and may be expressed by simple trigo- 
nometrical rules in the form 


%b cos + | 


+ cos [ +1)pt+ | 


It will be observed that this represents 
two new multiples, the (m—1)th and 
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(n+ 1)th, each having a half ampli- 
tude of 

These components have a real exist- 
ence and may be detected by a wave 
analyzer if it has sufficient selectivity to 
distinguish. between the multiples 
mn, and n+ 1. The identification 
of three successive integral multiples 
may, of course, be due to the actual 
presence of three separate disturbances, 
but in practice it is much more fre- 
quently caused by a modulation of the 
middle one of the three by the frequency 
of shaft rotation, as explained in the 
preceding paragraphs. In such a case 
the intensities of excitation of the mul- 
tiples n — 1 and n + 1 are equal. How- 
ever, the observed noise or vibration 
may be due to the response of one or 
more resonant systems to this excita- 
tion, and if so the observed strengths 
of the two components may be unequal, 
since a resonant frequency may be closer 
to one of the two component frequen- 
cies than to the other. There is also 
another way in which the actual in- 
tensity of excitation may be different 
for the two multiples, namely, if there 
are present two different modulations, 


each at rotation frequency but in differ- 
ent phases. For example, a double-ended 
flexible coupling of the toothed type, 
having » teeth or claws, will produce a 
disturbance at times rotation frequency 
if the shafts are even very slightly out 
of alignment, since the load will no 
longer be evenly distributed among the 
teeth. If in addition one toothed ele- 
ment is slightly skewed on its shaft, the 
unevenness of load distribution will vary 
slightly once per revolution and the re- 
sulting modulation of the nth multiple 
will give rise to additional multiples 
n—1 and n + 1 of equal strength. If. 
however, a second toothed element at 
the other end of the coupling is also 
skewed, and in a direction suitably re- 
lated to the skewing of the first, then 
the strengths of the sum and difference 
multiples will be unequal. (See Exam- 
ple 1). 

With toothed couplings and shatt 
misalignment, particularly where the 
driving flanks of teeth or claws are 
straight, i.2., without crowning, the 
above analysis is over simplified and 
many other multiples can arise, ¢.g., 
2n + 1, etc. 


DIAGNOSIS AND TREATMENT 


No hard-and-fast rules can be laid 
down, since the possibilities are so 
numerous. However, the methods de- 
scribed in the foregoing sections have 
been found very useful for identifying 
the cause of unwanted noise or vibra- 
tion. If the vibration is also accom- 
panied by mechanical failure of certain 
parts, e.g., turbine blades, it is then 
necessary to ascertain whether these 
parts have natural resonances at any 
frequencies found to be present in 
strength at any particular speed in the 
operating range. If this is the case, the 
probability that the failure is caused by 
vibration is strong. The subsequent 
course of action must depend on the cir- 
cumstances of the case. 

Several possibilities present them- 
selves. The most satisfactory cure is to 
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remedy the fault which is causing the 
vibration. However, this may be difficult 
and expensive, as for example re-hob- 
bing one or more gear wheels or pinions. 
It is therefore frequently necessary to 
consider other alternatives, even of a 
temporary nature. 

A particular row of turbine blades may 
be replaced by a stiffer section, or pro- 
vided with additional binding wires, 
in order to avoid a particularly strong 
excitation frequency by raising the blade 
natural frequency until it lies above the 
highest excitation frequency experienced 
in the operating speed range. Alterna- 
tively, the operating schedule may be 
changed, so as to avoid any speed to 
which the blade row is particularly 
susceptible. This, however, runs the risk 
of merely transferring the trouble to 
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another row of blades of different nat- 
ural frequency. 

If blade failures occur without the ac- 
companiment of heavy noise or vibration 
at frequencies near to one of the blade 
natural frequencies, then the possibility 
of self-excitation, due to unequal distri- 
bution of steam flow from the preceding 
row of nozzles or fixed blades, must be 
examined. This is outside the scope of 
the present paper, and it will suffice to 
say that such self-maintained vibrations 
can usually be prevented by attention to 
such factors as nozzle design, presence 
of shrouding or binding wires, number 
of blades under one length of shroud- 
ing, and accurate machining of blade 
roots. 

It should be noted that in vibration 
problems such as most commonly arise 
in geared marine turbines, there is a 
sharp distinction between low frequencies 
of the order of one to ten per second 
and the higher range above about 30 
per second. In the low-frequency range 
the technical difficulties are much re- 


duced since ipso facto the spectrum can- 
not contain many harmonics of funda- 
mental frequencies and furthermore the 
human senses can do a great deal of 
analysis without assistance by elaborate 
instruments. This is fortunate since 
analyzers of high resolving power are 
difficult to construct for very low fre- 
quencies, and furthermore the transient 
effects due to variation of frequency 
make it difficult to use a high resolution. 
The low-frequency range in marine en- 
gineering is generally concerned with 
oscillations of shaft systems (whether 
torsional, longitudinal or transverse) 
and with vibrations of the ship as a 
whole. The study of such problems has 
already reached a stage at which equip- 
ment and technique are adequate to deal 
with them, partly for the very reason 
given above, namely, that the problem is 
inherently simpler. The examples of 
vibration problems which’ follow are 
therefore restricted almost entirely to 
the high-frequency range. 


EXAMPLES OF VIBRATION PROBLEMS 


Vibration phenomena in marine tur- 
bines can take so many forms that the 
best way to illustrate the principles de- 
scribed in the foregoing paragraphs is 
to give a brief summary of a number 
of cases which have actually occurred 
during the last one or two years, and 
in which some or all of the instruments 
already described have proved of service 
in ascertaining, and in some cases re- 
moving, the cause of the trouble. It can 
scarcely be over-emphasized that success- 
ful diagnosis of vibration problems re- 
quires first of all much hard work, 
patience and practice. An experienced 
observer with very elementary equip- 
ment can often make a more satisfac- 
tory diagnosis than an unpracticed indi- 
vidual, even assisted by the most elab- 
orate instruments. 

The descriptions of the various ex- 
amples given below are necessarily brief 
and their length may bear no relation 


to the actual amount of work which 
had to be carried out in each case. For 
instance, Example 1 involved seven 
separate trials on four different ships 
covering a period of nine months and a 
great deal of analytical work in addi- 
tion. On the other hand, the analysis 
described in Example 3 was completed 
in less than an hour. The descriptions 
set out the relevant facts in order of 
their relationship and not necessarily in 
the order in which the observations were 
made, since the latter is usually con- 
ditioned by availability of machinery 
for trials, possibly of opening up for 
internal examination and testing, and 
other such factors. 


Example 1 
Several vessels of a class of which 
considerable numbers have been built 


were found to suffer fractures of h.-p. 
turbine blading in the fourth expansion, 
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TURBINE 


the clear blade height being about 2 in. 
In some cases the failures occurred 
after the blading had been replaced and 
usually during the first subsequent 
voyage. The gearing was described as 
very noisy in all the installations 
affected, the noise being of high pitch 
and very penetrating. The failures ap- 
peared to be confined to a group otf 
vessels, though at the outset no differ- 
ence between these and other vessels of 
the class was apparent. 


Measurement of the natural frequen- 
cies of the affected blades indicated a 
fundamental frequency of approximately 
820 cps. the next higher frequency being 
approximately 1600 cps. The blades of 
the next expansion had sometimes failed 
(though this might have been due to 
damage resulting from failure of the 
previous rows) and had a functional 
frequency of approximately 540 cps. 

Noise and vibration measurements 
were made using the wave analyzer in 
vessel A, and the result of the noise 
analysis is plotted in Fig. 4. This shows 
the observed component frequencies 
plotted to a base of main-shaft r.p.m.., 
the noise levels being indicated by the 
widths of the short horizontal lines used 
to indicate each observation. Sloping 
lines are also drawn to indicate integral 
relationships between component fre- 
quency and the speed of certain shafts 
in the system. The installation com- 
prised h.-p. and 1.-p. turbines driving 
through double-reduction gearing of the 
interleaved type, the primary wheels 
and secondary pinions being of identical 
dimensions for each of the two trains. 

It will be observed that the strongest 
components occur at frequencies be- 
tween 600 and 900 cps. over a range 
of main shaft speeds between 88 and 115 
r.p.m., and furthermore that the points 
corresponding to these components lie 
close to several of the sloping lines, in 
particular those corresponding to the 
12th, 13th, 15th and 16th multiples of 
the h.-p. turbine speed and the 485th 
multiple of the main-shaft speed, there 
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being 485 teeth on the main wheel. 
Vibration analysis showed the same 
general picture. 

In order to ascertain with certainty 
whether the apparent integral multiples 
of h.-p. turbine speed were correct, and 
that the components did not arise from 
some unknown and completely different 
cause, a trial was made on vessel B 
with the results shown in Fig. 5. In 
this case a double-beam oscillograph 
was used in conjunction with a timing 
pick-up adapted to give a pulse once 
per revolution of the h.-p. pinion shaft 
in the manner described earlier in this 
paper. This confirmed that integral mul- 
tiples of h.-p. turbine speed were pres- 
ent, the strongest being the 12th, with 
llth and 13th sometimes nearly as 
strong. In fact only one component of 
any appreciable magnitude was not re- 
lated to the speed of this turbine, 
namely a weak component of frequency 
31 cps. observed at 119 r.p.m. (Multiple 
240 of main shaft speed was also present, 
and identified by the fact that it pro- 
duced a beat at about 1 cps. with the 
7th multiple of h.-p. turbine speed. ) 


This indicated that the so-called 
noisy gearing was in fact entirely blame- 
less and that the whole source of noise 
and vibration, and therefore probably 
the cause of the blade failures, was 
something connected with the h.-p. tur- 
bine and pinion line and associated with 
llth, 12th and 13th multiples. This 
immediately fixed attention on the flexi- 
ble coupling connecting the turbine 
shaft to its primary pinion, since this 
coupling was of the claw type having 
twelve teeth. No other source of 12th 
harmonic could be found and the pres- 
ence of 11th and 13th harmonics could 
be accounted for by a slight skewing of 
either claw on its shaft as described 
earlier. It is therefore considered cer- 
tain that the prime cause of noise and 
blade failures was this coupling since 
the fundamental natural frequency of 
the blades was such as to be excitable 
by one or other of these multiples at 
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almost any speed within the running 
range. There was evidence that the h.-p. 
turbine after pedestal was moving 
athwartships relative to the gear case 
by appreciable amounts, possibly due to 
steam pressure or temperature effects in 
a short horizontal receiver pipe between 
h.-p. and 1.-p. turbines and provided 
with a flexible metallic bellows. On fit- 
ting additional stiffening to the pedestal 
the vibration was distinctly reduced and 
the noise reduction, although less, was 
appreciable. 

There is, however, a probability that 
another fortuitous circumstance contri- 
buted, perhaps in large measure, to the 
severity of the conditions. This is the 
possible existence of a resonance in the 
turbine-coupling-pinion line taking place 
at about 800 cps. The noise intensities 
in vessel A arising from any of the 
various multiples tended to have a maxi- 
mum value at about this frequency and 
in particular, the frequency correspond- 
ing to secondary tooth contact, while 
moderately strong at 87 and 99 r.p.m. 
was not found at 115 r.p.m. where the 
frequency would have been 920 cps. 
which is appreciably above the figure of 
800 at which the noise was most intense. 

It is not, however, so marked in vessel 
B, Fig. 5, in which the strongest com- 
ponent is at all times the 12th multiple 
of h.-p. turbine speed regardless of 
main-shaft revolutions. This high-speed 
shaft system has been critically examined 
for possible resonances and, of course, 
it possesses many resonant frequencies. 
No torsional resonance in the region of 
800 cps. has been found by calculation 
and at the present time other forms of 
resonance are being sought for, in par- 
ticular those corresponding to transverse 
bending of the shafts. This condition is 
very complex, since any transverse mo- 
tion of the coupling immediately causes 
the teeth to ride on their radial edges 
(the teeth had no crowning on the driv- 
ing flanks) and therefore applies addi- 
tional twisting and bending moments 
to the shafts. There is, therefore, still 
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the possibility of a vibration which is 
mainly transverse but is raised in fre- 
quency by the additional stiffness im- 
parted to the shaft in bending by the 
torsional effects. If such a resonance 
exists, it would explain why the blade 
failures were confined to certain ves- 
sels of the class since the others had a 
coupling of slightly different design 
and proportions, although in principle 
it was the same and also had twelve 
teeth. 

The disturbances produced by flexible 
couplings of the tooth type under condi- 
tions of misalignment may be greatly 
reduced by increasing the number of 
teeth in the coupling. New couplings are 
therefore being manufactured of the 
fine-tooth variety. This will have the 
double effect of reducing the magnitude 
of any disturbances that may arise from 
this source, and also raising their fre- 
quency so that it is above the natural 
resonant frequencies of all but the very 
shortest blades and these have usually 
higher damping in the blade fixings. It 
will not be possible to report on the suc- 
cess of these measurements until the 
first set of couplings has been made and 
fitted. 


Example 2 


Heavy vibration and noise were re- 
ported in a single-screw vessel. This 
machinery comprises h.-p. and L.-p. tur- 
bine driving through double-reduction 
gearing of the interleaved type. The 
trouble was also associated with cracked 
and broken teeth in the second reduction 
pinion on the 1.-p. side. The noise was 
quite different from that of Example 1, 
being partly of the type associated with 
creep-cut gearing in which the noise 
spectrum is continuous without any 
specially prominent frequencies, and 
also accompanied by a heavy knock or 
rattle. The gearing was nearly twenty 
years old, being cut at a time when the 
accuracy of hobbing machines was far 
inferior to their present capabilities. 
The noise level was 112 db. on the 1.-p. 
side and 109 db. on the h.-p. side at 
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full-power revolutions. The frequency of 
knock was too low to be detectable by 
the wave analyzer and no strong high- 
frequency components were found. 

By lifting a light cover in way of the 
turning gear, which was situated on the 
h.-p. side of the gear case, the aft end of 
the intermediate gear shaft was visible 
and a chalk mark was made to assist 
observation of the rotation of this shaft. 
At full speed the rotation of the inter- 
mediate gear shaft was too rapid to be 
followed by the eye, but at speeds below 
about 40 r.p.m. it was noted that the 
knock occurred when the chalk mark 
was in the 8 o'clock position. An esti- 
mate of the time taken for sound ema- 
nating from the l.-p. side to reach this 
position indicated that the knock oc- 
curred when the mark was at 9 o'clock. 
When going astern the knock was also 
audible and occurred at the 10 o’clock 
position so that correcting for time 
delay, its true position was once again 
9 o'clock. 

This strongly suggested something of 
the nature of a bent intermediate gear 
shaft, and this was confirmed by an 
observation which could only be made 
once during the trial. When going 
astern during this voyage (which was 
not a special trial arranged for the 
observer’s convenience) the shaft speed 
was usually low and only rose once to 
42 r.pm. On this occasion a definite 
whine was heard at some intensity. Its 
frequency was quickly measured with 
the small pitch pipe mentioned earlier 
and found to be approximately 800 cps. 
and immediately thereafter (about 15 
seconds later) the speed of the inter- 
mediate gear shaft was measured by 
stop watch and found to be 2.56 revolu- 
tions per second. The frequency there- 
fore corresponded to 313 impulses per 
revolution of the intermediate shaft, and 
was almost certainly the tooth-engage- 
ment frequency of primary gearing since 
the primary wheels had 317 teeth. 

Now this whine is of no intrinsic in- 
terest, since it is very common for the 


tooth-engagement frequency to be audi- 
ble at certain speeds due to a local 
resonance and the noise was not of any 
great intensity. However, the point 
which is of fundamental importance is 
that the whine was observed to be 
modulated with the frequency of inter- 
mediate-gear-shaft rotation, and varied 
in intensity and stridency once per revo- 
lution of this shaft. It was, therefore, 
a strong indication of an eccentric mo- 
tion of the primary-wheel teeth, although 
of course it was not possible to say 
which of the two primary wheels was 
affected. 

Examination of the primary pinion on 
the 1.-p. side showed that the pinion 
teeth were very heavily ragged at the 
tips, this amounting to more than the 
ordinary rag, and giving the-impression 
that a heavy “rolling over” effect had 
been taking place. A similar action was 
found on the associated primary-wheel 
teeth but in this case its intensity varied 
around the periphery of the wheel. 
When the primary gearing was subse- 
quently set up in the hobbing machine 
for re-cutting, it was observed that the 
tooth annulus was definitely eccentric 
since with the hob just brushing at one 
part of the periphery, it was taking a 
heavy cut at the point diametrically 
opposite. 

Example 3 

During routine trials of a new vessel, 
the Pametrada representative noticed a 
peculiar rattling noise which was clearly 
audible in his room (situated about 
amidships on the starboard side) and 
also on deck in about the same locality. 
It was not sufficiently serious in intens- 
ity to indicate the likelihood of failures 
of any important part of the ship's 
structure, but was definitely disturbing 
in a vessel adapted for the accommoda- 
tion of a small number of passengers. 
The frequency of the rattle was much 
too high to be counted against a stop 
watch and yet too low to be appreciated 
as a clear audible tone. Its principal 
characteristic was that it rose and fell 
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with a regular period of the order of 
eight seconds, being completely silent 
for two or three seconds before building 
up once more to maximum intensity. 
Timed over two successive intervals 
eight complete periods occurred in 59 
and 58 seconds respectively. The 
Anson vibrometer was then applied to 
the deck planking but no indication was 
obtained. It was then applied to each 
of four pipes, connecting with numbers 
4 and 5 double-bottom tanks and the 
cofferdams adjoining them, and on three 
of these no indication was observed, but 
on the fourth (vent from cofferdam be- 
tween the two tanks) a frequency of 
3700 vibrations per minute was detected 
with appreciable intensity (4 in. double 
amplitude of reed). 


At this time the main engines were 
stopped and only auxiliary machinery 
running. The frequency of rattle was 
therefore compared with that of the 
various auxiliaries and was found to be 
almost exactly twelve times the speed 
of the Diesel generators. According to 
their tachometer readings, the two 
which were in operation at the time 
were running at speeds of 308 and 
309 r.p.m. respectively. The Anson 
vibrometer was now applied to the 
crankcase of one of these engines and 
the end of the reed was found to vibrate 
with a considerable amplitude which 
rose and fell between limits of 34 in. and 
y% in. The period of the complete cycle 
was measured by stop watch, which in- 
dicated eight periods in 59 seconds, and 
57 seconds at a second trial. The almost 
precise agreement with the period of 
beat observed in the rattle on deck is 
notable, although it should be empha- 
sized that the rattle was naturally not 
audible in the engine-room due to the 
noise of the Diesel generators, and fur- 
thermore no trace of the slow beat was 
detectable in the engine-room except 
by means of the vibrometer. The fre- 
quency indicated by the vibrometer was 
slightly variable on different applica- 
tions, the figures ranging between 940 


and 960 vibrations per minute. It is 
almost certain that this corresponded to 
the firing frequency of the engines, 
which were of the three-cylinder two- 
stroke variety. The difficulty of obtain- 
ing a precise indication of frequency in 
the engine vibration is to be expected, 
since two engines were running at 
slightly different speeds, so that an in- 
strument of high selectivity will give a 
beating response to any frequency in the 
range between the two values. 

It was therefore diagnosed that the 
vent pipe from the cofferdam of num- 
bers 4 and 5 double-bottom tanks was 
being excited by the firing frequency of 
the Diesel generators, and was vibrating 
either twice or four times this frequency 
according to whether the pipe was pro- 
ducing rattle by making contact with 
a loose clip on one or alternatively on 
either side. Time did not permit the 
tracing of this pipe to demonstrate with 
certainty whether the diagnosis was 
correct. 


Example 4 


Turbine-blade shrouding failures were 
reported in the 1.-p. cylinder of a two- 
turbine installation driving a_ single 
screw through double-reduction gearing 
of the American nested type in which 
the two helices of primary wheels strad- 
dle the main-gear wheel. In this investi- 
gation, which has only recently been 
carried out, the wave correlator was 
used in conjunction with the wave ana- 
lyzer to investigate both noise and vi- 
bration. Timing pulses were derived 
from both primary pinions, one inter- 
mediate-gear shaft and the main low- 
speed shaft. Even without the assistance 
of the wave analyzer, the correlator 
showed immediately that the greater 
part of the noise and vibration origi- 
nated from the intermediate gear shaft. 
On detailed analysis, it was found that 
the principal components of noise and 
vibration corresponded to two multiples 
of the speed of this shaft. The first was 
the 50th multiple and the second was 
either multiple 125 or 126, though it 
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was not possible to ascertain with cer- 
tainty which of the two was present. 
However, a weak component was de- 
finitely traced to the 75th multiple of 
the same shaft speed and another weak 
one was almost certainly the multiple 
175, 176 or 177 of the same shaft speed. 
This suggests that the latter two com- 
ponents are in fact the sum and differ- 
ence frequencies of the two principal 
components, and if so the multiple 126 
is excluded. The multiple 50 is known 
to have been present in some gears cut 
on the same hobbing machine at a time 
when it was subject to certain errors 
which were later remedied, and was 
due to an error in one of the change 
wheels. This change wheel when used 
in an alternative position could have 
produced the 100th multiple and in fact 
more than a trace of an integral multi- 
ple, ascertained to be 100, 101 or 102. 
was also found during this trial but 
may have been merely the second har- 
monic of the 50th multiple. The multi- 
ple 125 was later ascertained to cor- 
respond to the worm-wheel error of 
the hobbing machine which was of the 
solid-table variety. 

Measurement of the natural frequen- 
cies of turbine blades showed that the 
affected row had a first-order clamped- 
free frequency of 260 cps. of the major 
(peripheral) ) type, and a first major 
clamped-pinned frequency of 1200 cps. 
(The ratio of these two is in close 
agreement with the value of (214/1.19)’* 
from Fig. 6, though exact agreement is 
not expected since the stiffening effect 
of the shrouding will probably differ 
slightly between the two modes). The 
frequency of 1200 cps., allowing for a 
small rise due to centrifugal forces when 
running, was equal to that of the 
strongest noise and vibration component 
(namely multiple 125 of primary-wheel 
speed) at shaft revolutions correspond- 
ing to 88 per cent. of full-power speed. 
Furthermore, the blade mode of vibra- 
tion corresponded to motion in the pe- 
ripheral direction and could therefore, 
readily be excited by torsional impulses 


transmitted from the gearing. The blade 
rows were shrouded and the shrouding 
itself was relatively highly. stressed by 
centrifugal loading, and would not re- 
quire a very large additional stress 
component to induce fatigue failure. It 
is therefore considered probable that 
the gearing errors were in fact the 
cause of the shrouding failures, although 
the noise and vibration intensities were 
not extremely severe, the noise level 
being about 104 db. at some distance 
from the gearing and 113 db. immedi- 
ately on top of the gear case. 


Example 5 


A small water circulating pump in a 
central heating plant and driven by a 
fractional h.-p. motor gave rise to ap- 
preciable noise which, while not of high 
intensity in itself, was nevertheless dis- 
tinctly uncomfortable in the compara- 
tive quiet of a drawing office. A very 
rough frequency analysis showed that 
numerous multiples of shaft speed were 
present, the 3rd _ being particularly 
strong but associated with 2nd, 4th, 5th. 
6th and 7th, etc. It was realized that 
this harmonic series was compatible 
with the presence of 3rd, 6th and 9th, 
etc., multiples modulated by the first 
multiple. This strongly suggested the 
presence of a three-tooth coupling run- 
ning out of alignment. On removing 
the coupling guard it was immediately 
clear that the alignment was not correct 
since adjacent coupling flanges differed 
in diameter by 1/16 in., and their rims 
were level (a) at the top, and (b) at the 
front, suggesting that the coupling 
flanges had been aligned on the assump- 
tion that they were of equal diameter. 
The coupling itself was of the floating- 
disc type and had three pins on each 
side. Such elaboration of method may 
seem unnecessary in such a minor com- 
ponent but in point of fact the diagnosis 
was completed within ten minutes and 
the misalignment proved in a few min- 
utes more. The actual correction of 
alignment took a great deal longer since 
provision for adjustment was poor and 
not readily adaptable to accurate setting. 
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CONCLUSION 


It is hoped that the examples quoted 
will serve to illustrate the manner in 
which the principles set out in the body 
of the paper may be applied to the 
diagnosis of vibration in marine-geared 
turbines. The importance of ascertain- 
ing whether or not any or all of the 
principal vibration components are asso- 
ciated with the various shaft periodici- 
ties cannot be over-emphasized. Even if 
the result is negative and the disturb- 
ance does not arise from rotating shafts, 
this very fact is extremely valuable evi- 
dence since it indicates that the source 
of disturbance must be sought elsewhere. 
After some years of experience on vibra- 
tion phenomena, the Author can state 
with feeling that the identification, with 
certainty, of any single important con- 
nection between the vibration symptoms 
and the mechanical characteristics of the 
machinery can be of enormous help. 
Prior to development of the special 
equipment described in this paper, the 


principal characteristic of noise and 
vibration problems in running machin- 
ery has been their extreme complexity. 
The number of possible causes for any 
observed phenomenon is frequently so 
large that the observer is baffled and 
bemused at the very outset. The intense 
relief at the positive identification of 
even one prominent feature is difficult to 
describe, but will be appreciated. by 
those who have themselves worked in 
this field. New instruments which are 
already in their infancy and will become 
still more powerful as their users be- 
come better accustomed to their ca- 
pabilities, already give promise of achiev- 
ing an entirely new standard of precision 
and certainty in vibration diagnosis, 
and, in the Author’s opinion, will ma- 
terially help in raising this field of study 
from something closely approximating 
to black magic to the higher level of 
scientific deduction. 
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The RADIO AMATEUR’S HANDBOOK, 27th Edition, 1950; by the staff of 
the American Radio Relay League. Published by the American Radio Relay 
League, Inc., West Hartford, Connecticut. 736 pages, 1165 illustrations. Price 
$2.00 in the United States and its possessions. 


REVIEWED BY: LIEUTENANT COMMANDER Burton H. AnpreEws, U.S.N. 


This new edition of the Radio Amateur’s Handbook perpetuates a well-established 
and valuable institution. Long considered the Radio Amateur’s bible, the Handbook 
has found the consistent favor not only of amateurs but also of nearly everyone 
interested in or concerned with practical electronics design, operation, or main- 
tenance. 

In keeping with its recognized progressive policies, the editorial staff of A.R.R.L. 
has carefully revised and brought up-to-date this latest edition. Reflecting the ad- 
vances made in the field of electronics during the past year, much new material 
has been included. Particular emphasis has been given to the problems associated 
with the reduction of television interference. The recent adaptation of single-side- 
band telephony techniques to amateur use is brought out, and the characteristics 
of equipments suitable for such use are discussed. Receiver and transmitter designs 
incorporate new vacuum tube types and the best of modern circuitry. And again, 
reliability has been the keynote. The equipments described are tried and tested, and 
stability and ease of operation have not been sacrificed on the altar of novel but 
difficult and critical circuits. 

The first four chapters present the elementary principles of electricity, vacuum 
tubes, circuit components, and radio communication. The material is presented 
concisely, in logical sequence, and with but little mathematics. Although by no 
means a complete textbook, these chapters make up an excellent primer covering 
in condensed form the important concepts necessary to an understanding of the 
basic electronic phenomena. Sufficient numerical examples, pictures, and schematic 
diagrams are included to. ensure easy comprehension of the theories developed. 
Succeeding chapters supplement to a considerable degree the material contained 
in these first chapters. 

The next eleven chapters deal with High Frequency (HF), Very High Fre- 
quency (VHF), and Ultra High Frequency (UHF) equipments. These chapters 
make up approximately two-thirds of the entire book, are very well written, easy 
to read, and reasonably extensive in scope. They cover receivers, transmitters, 
power supplies, telephony, and keying. The general pattern is followed of first 
expanding the principles given in the earlier chapters, analyzing their use in 
equipment design, and then giving complete design and constructional details for 
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specific equipments. Progressing from the very simple to the more complex designs, 
the range of material is such as to permit the novice to build and use excellent 
equipment while at the same time it provides a challenge to the abilities of the more 
advanced experimenter. 


The succeeding eight chapters cover the assembly, test, and operation of amateur 
radio stations. Excellent data is offered for the design and construction of good 
test and measuring equipment, together with the basic techniques of electronics 
measurements. The construction and use of these equipments will go far toward 
bringing to the experimenter an understanding of good laboratory practices, as 
well as assuring him that his transmissions are within the legal limits of fre- 
quency, power, stability, and character of signal. These chapters also serve to 
bridge the gap between theory and practical application, in showing the integration 
of various equipments into a complete station and in giving the details of the 
on-the-air usage of such a station. Proper methods of message traffic handling by 
telephony and telegraphy are outlined. Members of the Amateur Radio fraternity 
have many times furnished the sole means of communication to and from disaster 
areas stricken by fire, wind, and water; considerable attention is given in these 
chapters to the construction and use of emergency portable equipments suitable for 
use on such occasions. 


The final two chapters present miscellaneous valuable reference tables, data, and 
graphs, and a very comprehensive set of vacuum tube data charts. There follows 
an excellent and thorough index, well cross-referenced, and the last pages of the 
volume are devoted to advertising material supplied by the major manufacturers 
of reliable amateur and commercial equipments and components. 


As in the past twenty-four years, this edition has preserved the virtue of a 
balanced combination of the theoretical and the practical. In spite of the very 
broad fields covered, sufficient material has been included to make the Radio 
Amateur’s Handbook one of the most-used and most useful books in the library of 
anyone associated with electronics. 


THE SOCIETY OF NAVAL ARCHITECTS AND MARINE ENGINEERS 
29 West 39th Street, New York 18, New York 


The Society of Naval Architects and Marine Engineers has announced that the 
Hydromechanics Subcommittee of its Technical and Research Committee has com- 
pleted the first group of Model Resistance and Expanded Resistance Data Sheets 
prepared under a project on the compilation of data on ship resistance. This is a 
part of the continuous research being carried on under the auspices of the Society, 
and directed by outstanding members of the industry. 


These new data sheets comprise pertinent information on 40 selected ship models, 
run at various establishments, and 40 sets of data obtained by expanding the test 
results of these models to 400-foot size. 


The aim of this project is to make available to naval architects, marine engineers, 
and others interested in ship design problems, in a convenient and standardized 
form, comprehensive form data and actual test results on the multitude of ship 
models which have been and are being run in various American ship model testing 
establishments. This is the first time, so far as known, that such complete data, 
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carefully compiled and checked, covering thg tests of such a large group of models, 
have been made available to members of the profession at large. 


The models in the first or pilot group although limited in number in comparison 
to the thousands that have been tested, nevertheless represent a wide range in types 
and sizes of ship. This variety enabled the Hydromechanics Subcommittee to work 
out the method of presentation to better advantage, and to give it sufficient flexi- 
bility to cover all types that might be included in the future. As a result, the vari- 
ous models in the pilot group are unrelated to each other, but as the work of com- 
pilation continues series models and other related models can be included at any 
time. 


The manner in which the model test data are presented on the sheets renders 
them available for any method of analysis other than the ones selected for the proj- 
ect as representative and generally useful. The expansion of the model data to 400- 
foot ship scale by several methods affords a wide basis for comparison. 


Standard forms for the presentation of the model resistance data and the result- 
ing expanded resistance data have been developed. 


The data sheets are accompanied by copious Explanatory Notes, giving a full 
description of the various entries, a statement of the methods and procedure em- 
ployed in working up the data, a complete list and definition of all symbols, and 
all other information necessary to enable immediate use of the data sheets. 


Model Resistance and Expanded Resistance Data Sheets, with Explanatory 
Notes, are now available for sale to all individuals or organizations interested in 
this phase of the ship design problem. Inquiries or orders should be addressed to 
the office of the Society, at 29 West 39 Street, New York 18, New York. Cost to 
members of SNAME is $4.00, to non-members $5.00. 


ERRATA 


In Part Two of the issue of November 1949, the re- 
printed article "Surface Treatment of Diesel Engine 
Parts" was credited to the October 1949 issue of 
MOTORSHIP. The correct reference should have been 
the August 1949 issue of MOTORSHIP. 
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MEMBERSHIP CHANGES 
son 
‘pes NEW MEMBERS 
ta The Society is pleased to announce the following new members since the publi- 
ari- cation of the February, 1950, issue of the JoURNAL: 
om- 
any NAVAL 
Alleman, Harry Joseph, Lieutenant, j.g., U.S.N.R., 

lers Gang Foreman, Diesel Shop, Pennsylvania R.R. 
rOj- Mail: 2529 So. Second St., Steelton, Pa. 
100- Brown, James Andrew, Commander, U.S.N., 

1013 N. Edgewood St., Arlington, Va. 
ult- Buck, R. Admiral, Walter A., U.S.N., Ret., 

Operating Vice President, RCA Victor Div., 
full Camden, N. J. 
em- Burroughs, Robert E. A., Commander, U.S.N., 
and Manager of Engineering, Aircraft Gas Turbine Division 

General Electric Co., 920 Western Ave., W. Lynn, Mass. 
ory ‘Cassidy, Marcellus William, Commander, U.S.N.R., 
1 in Industrial Manager’s Office, Room 226, Bldg. 1— 
1 to U.S. N. T. Center, Great Lakes, III. 
t to ‘Clark, Edward Coe, Lieutenant Commander, U.S.N.R., 


Crane Co., 1225 Eye St., N. W., Washington, D. C. 


Coil, Tom Paul, Commander, U.S.N., 
5811 Namakagan Road, Washington 16, D. C. 
Cook, Melvin S., Ensign, U.S.N., 
U.S.S. Fechteler (DD 870), c/o Fleet P. O., San Francisco, Calit. 
Dahl, Carl B., Lieutenant Commander, U.S.N.R., 
Design Calculator, Fairbanks, Morse & Co., 
Mail: 1105 Chapin St., Beloit, Wis. 
DeSoboll, F. Stephen, Lieutenant Commander, U.S.C.G., 
P. O. Box 2515, Station B., San Francisco 26, Calif. 
Dorsey, Lawrens, Ensign, U.S.N., 
U.S.S. Kearsarge (CV 33), 
Puget Sound Naval Shipyard, 
Bremerton, Wash. 
Dunstan, Whitnet Atherton, Ensign, U.S.N., 
Matson Navigation Co., 
Mail: 206 Ave. G., Rodondo Beach, Calif. 
Evans, John Harry, Asst. Professor, M.I.T., 
Mail: 31 Totnes Road, 
Braintree 84, Mass. 
Fitzsimmons, Andrew M. R., Capt., U.S.N., 
Office of Industrial Survey, Room 1103 
Navy Dept., Washington, D. C. 
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Frobe, Raymond J., Lieutenant Commander, U.S.N.R., 
Arkansas Power and Light Co., 
Lake Catherine Station, Hot Springs, Ark. 
Mail: 707 S. Main St., Malvern, Ark. 


Gomez, Rodriga Janrique, Ensign, U.S.N.R., 
1030 E. Lee St., 


Tucson, Arizona 


Grankull, Elmer Arthur, Lieutenant, U.S.N.R.., 
Electrical Engineer, Puget Sound Naval Shipyard 
Mail: 308 S. Charleston Ave., Bremerton, Wash. 


Hamm, William Francis, Ensign, U.S.N.R.., 
Marine Engineer, 58 Essex St., Marlboro, Mass. 


Huske, John Caldwell, Capt., U.S.N., 
6207 N. 19th St., 
Arlington, Va. 


Kelly, Robert Lester, Ensign, U.S.N.R., 
Naval Architect, 
147-B, Oak St., Bremerton, Wash. 


Ladd, Edward Fedde, 
Reqn. Engr. Marine Systems Div. 
Aeronautics & Ordnance Systems Divs., 
General Electric Co., 
Mail: 1041 Lexington Ave., Schenectady 9, N. Y. 


Lowers, Horace Robinson, Lieutenant, j.g., U.S.N.R., 
Mech. Engr. Bureau of Aeronautics, Navy Dept., 
Mail: 73 Forrester St., S. W., Washington, D. C. 


Madden, Robert Bowman, Commander, U.S.N., 
Code 140, Puget Sound Naval Shipyard, 
Bremerton, Wash. 


Mele, John Joseph, Lieutenant, j.g., U.S.N.R., 
General Maintenance Foreman, Ramey Air Force Base 
Mail: P. O. Box 15, APO 845, 
c/o Postmaster, New York, N.Y. 
Mendel, Frank Stanley, Ensign, U.S.N.R., 
Asst. Electrical Engr., Allis Chalmers Mig. Co. 
Mail: 1579 So. 80th St., Milwaukee 14, Wis. 


Molloy, George Pryor, Lieutenant, j.g., U.S.N.R., 
In charge Field Eng. on Electrical Glass, 
Owens Illinois Glass Co. 

Mail: 90 Bell St., Belleville, N. J. 

Noe, Abram W., Ch. Mach., U.S.N.R., 
in charge Rep. & Air Comd. Shop, 
U.S.N.A.S., San Diego, Calif. 

Mail: 6611 Bullock St., San Diego 11, Calif. 

Rivers, William Jacocks, Lieutenant Commander, U.S.N., 
Box 126, N. O. B., Ind., Navy 626 
c/o Fleet P. O., San Francisco, Calif. 
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Schumacher, Gilbert F., Commander, U.S.C.G., 
Head Repair & Material Sec., U.S.C.G. 
Mail: 5514 Small Wood Drive, 

Green Acres, Md., 16 D. C. 
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Adair, James M., Vice President Sales & Engineering 
Star Electric Motor Co., 200 Bloomfield Ave., 
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Allen, Robert Chester, Manager and Chf. Engr. 
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The Society has learned with regret of 
the death of 


MR. HARRY BROWN 


Chairman of the Board of 
Foster Wheeler Corporation 


Civil Member 
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ORIGINAL ARTICLES 


The editor of the JouRNAL is most anxious to obtain manuscripts of original 
articles on subjects of interest to naval engineers. Any manuscript accepted for 
publication becomes the property of the Society which copyrights it upon publica- 
tion. Authors are paid from $50.00 to $150.00 depending upon length, interest and 
protessional value. 


The rules for manuscripts are as simple as we can make them. 


1. They must be legible (typewritten, double-spaced preferred) since no proot 
is submitted to authors for correction prior to printing. 


2. Single copy only is required. 


3. Mathematical formulae used must be set up, preferably by hand printing, 
so that there can be no question as to symbols, subscripts and exponents. 


4. Any drawing submitted must be black on white. A cloth or paper tracing 
is acceptable but not required. 


5. Photographs may be negatives, but glossy prints are acceptable. 


6. Include on a separate page a short biographical sketch(es) of the author(s). 
50 to 100 words for each author is desired. 


Manuscripts should be mailed addressed to: 


Secretary-Treasurer 

American Society of Naval Engineers 
Bureau of Ships, Navy Department 
Washington 25, D. C. 


Manuscripts accepted will not be returned unless specifically requested by the 
author. If returned, they will be in the condition which has resulted from the 
work of the printer and the engraver. Immediately following publication, the 
author is furnished 10 reprint copies of his article free of charge. Additional 
copies may be purchased from the Society if the request is received 30 days prior 
to the publication date which is the 25th of the issue month. Estimate of cost of 
additional reprints, which will vary with the nature of the article and the num- 
ber of copies ordered, will be furnished on request as soon as possible after the 
article is set up. 


Manuscripts not accepted will be returned, postpaid, by the Society. 


Manuscripts which are accepted will be published in the earliest JouRNAL 
which has not yet been closed (60 days before publication) and for which insuffi- 
cient material is already on hand. 
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SuspyecT MATTER AND AUTHORS 


To assist the editor in programming future issues, the help of all members is 
solicited. To make it easy, the last page in this issue is readily detachable as you 
will find. This page has blanks for two entries. 

(a) What subject would you, as a member, like to see covered by an article 
in the JouRNAL. 
and 


(6) Who do you consider best qualified to prepare such an article authorita- 
tively, and what is his address. (if you know). 
Any of these forms which are filled in and mailed to the Society will be 
received with thanks and the editor will follow up to get the suggested articles 
prepared. 


PHOTOGRAPHS 


Photographs of current or historical interest to readers of the JouRNAL are 
desired. Any which are accepted by the Society will be purchased by the Society 
at a standard price of $5.00 each. Such purchase will not include any copyright 
by the Society, but the contributor must hold the Society free from any charge 
of violation of any previous copyright. 


Notice oF DEATHS 


The Society has no satisfactory machinery for obtaining notice of deaths of 
members. It is particularly desired that we receive such notice upon the death of 
any past officer, past member of the Council or member of more than twenty 
years’ standing with photographs and short obituaries. It will be appreciated 
greatly if any member who learns of the death of a member will advise the 
Secretary-Treasurer. 


Society LapeL Button 


Shown below is an illustration of the lapel button of the Society. It is believed 
that it will be conceded that this is a very fine dignified insignia. It is one-half 
inch in diameter. 


The oak leaves and lettering are red on a gold back-ground. 


It is available to all members at fifty cents (50c) each. 
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LIFE MEMBERSHIPS 


Any member may now purchase a life membership under the following rules: 

(a) Any dues paid for the year in which life membership is purchased will 
be credited to the cost of the life membership. 

(b) Life memberships are non-transferable and terminate with the death 
of the member. 

(c) No refund will be made on account of death or resignation of a life 
member. 

(d) Life membership will vary in cost with the age of the member at his 
next birthday following application, as follows: 


(e) All life memberships paid in shall be protected by a transfer on the 
books of the Society of Series G, U. S. Government 2% per cent bonds. Thus 
a life membership fund will be established. It will be credited with moneys paid 
in for life memberships and debited with the regular amount of annual dues for 
each life member each year. 
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ASSOCIATION NOTES 


LOCAL CHAPTERS 


Local Chapters of the American Society of Naval Engineers may now be author- 
ized by the Council. The following rules for recognition of Local Chapters have 
been adopted by the Council: 


(a) Twenty or more regular members, Naval or Civilian, may apply for 
a Charter as a Local Chapter. 


(b) Each application must be accompanied by a list of members and a copy 
of local By-laws. The latter must meet the following minimum requirements. 


1. All financial dealings of the local Chapter must be independent of the 
Society and can in no way obligate the Society as a whole. The local chapter 
shall be set up on a non-profit basis. All accounting shall be local. 


2. Each active local Chapter shall receive from the Society a grant of 
$0.50 per year for each naval member, civil member or associate who resides 
in the local area and who associates himself with the local Chapter. This 
grant may be used by the local Chapter to defray any necessary expenses, 
including (a) Letterheads, (b) Notice cards, (c) Postage, (d) Minimum 
rental allowance, (e) Secretarial service (part time). 


3. Any technical papers presented at local chapter meetings shall be sub- 
mitted to the Secretary-Treasurer of the Society for consideration for publi- 
cation in the JouRNAL. Any paper accepted will be paid for at regular rates. 


4. Each local chapter shall submit a quarterly report of its activities to 
the Secretary-Treasurer. These reports must reach Washington, D. C. prior 
to 15 January, 15 April, 15 July and 15 October. This report shall contain 
a list of active local members as of the first day of the quarter for the pur- 
pose of computing the amount of grant. 


5. Associate members of the Society shall be eligible for membership in a 
Local Chapter, entitled to all the privileges of other members except voting 
and holding office. 
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ADVERTISEMENTS XVil 


Diesel-Electric Drive towboat 
J. Rich Steers, owned and operated 
by Steers Sand and Gravel Cor- 
poration, New York City. Built 
by Gul fport Shi pbuildingand Dry- 
dock Corporation, Port Arthur, 
Texas. 


Powered by 
GENERAL MOTORS 


UTSTANDING addition to the world-wide list of vessel 
operators employing General Motors Diesel- Electric 
Drive is the Steers Sand and Gravel Corporation, New York 
City. By placing in service in New York Harbor the powerful, 
efficient tug J. Rich Steers, this company provides additional 
evidence of the confidence accorded marine power plants 
built by General Motors. 


* Leader in Diesel engineering development for 38 years 


Cleveland Diesel Engine Division 


CLEVELAND 11, OHIO 
GENERAL MOTORS GENERAL MOTORS 


ENGINES FROM 150 TO 2000 H.P. DIESEL 
General Motors Diesel-Electrie Drive POWER 


has powered more than 700 vessels in 
22 different classifications. 


: 


AnaconoA Cupro-Nickel 754 Tubes 
prove economy in severe test 


With tubes of other standard alloys, Patent No. 2,074, 604) tube and sheet 
ANACONDA Cupro-Nickel 754 Tubes alloy gives economical service for 
(copper 89.25%, nickel 10%, iron central station and marine condensers 
0.75%) were subjected toa 10 months’ handling clean and some types of 
accelerated corrosion-erosion test at _ polluted sea waters. 
Kure Beach, N.C., with 45 to85 deg. F. For details, or consultation with 
turbulent sea water flowing through ANACONDA Condenser and Heat Ex- 
the tubes at an average velocity of changer Tube specialists, please ad- 
11.7 ft. per second. dress The American Brass Company, 
Results, supported by performance Waterbury 20, Connecticut. In 
of actual installations operating Canada: Anaconda American Brass 
under severe conditions, indicatethat Ltd., New Toronto, Ont. 491254 
ANACONDA Cupro-Nickel 754 (U. S. 


For efficient heat transfe-ANACONDA 
CONDENSER TUBES 


the leading manufacturer of 
SHORAN...LORAN... TELERAN... 
RADAR... RADAR ALTIMETERS ... 
SONAR ... BATTLE ANNOUNCE and 
RADIO COMMUNICATIONS EQUIPMENT : 


GOVERNMENT EQUIPMENT SECTION 


RADIO CORPORATION of AMERICA . 


ENGINEERING PRODUCTS DEPARTMENT, CAMDEN, H.J. 
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ADVERTISEMENTS 


“BUILT 
THE VESSEL” 


Worthington Equipment 
Is Outstandingly Rugged, 
Dependable and Economical 


Compressors 
Diesel Engines 
Turbines & Turbo-Generator Sets 


Centrifugal, Steam, Power, 
Vertical Turbine & Rotary Pumps 


Condensers, Ejectors & Deaerating 
Water Heaters 


Air Conditioning 
& Refrigerating Equipment 


Liquid Meters 


For details proving ‘‘there’s more 
worth in Worthington,’’ contact 
Worthington Pump & Machinery 
Corporation, Marine Division, 
Harrison, N. J. 


World’s Broadest Line of 


Engine Room Auxiliaries 


|| 
= 
ae 
q 
| 
WORTHINGTON 
Za 
| 


XX ADVERTISEMENTS 


Your Good Living Comes 


Giant Allis-Chalmers hydraulic and 
steam turbines with their generators 
and controls provide dependable, low 
cost light pa power for your home, 
your job, your recreation. 


Allis-Chalmers makes major industri- 
al equipment for every basic industry 

Mining, cement and rock prod- 
ucts, food, chemical, pulp and paper, 
textile, petroleum, steel; pumps and 
V-belt drives for all industry. 


Nearly every one of the things that 
you use, wear or eat is helped some- 
where along its road to you by one 
of Allis-Chalmers many products. For 
Allis-Chalmers makes a wider range 


This World 


Power is controlled, distributed and 
utilized through Allis-Chalmers trans- 
formers, switchgear, regulators and 
motors... turning raw electric power 
into useful energy. 


Allis-Chalmers makes tractors for ag- 
ricultural and industrial uses plus a 
complete line of implements and ac- 
cessories. All these varied lines mean 
better living for all Americans . .. 
better living for you. 


of major industrial products than any 
other company . . . products in indus- 
try’s “hidden world” of machinery 
that serve you and every American. 


MILWAUKEE 1, WISCONSIN 


ALLIS-CHALMERS 


A-2895 


One of the Big 3 in Electric Power Equipment... 
Biggest of All in Range of Industrial Products 
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ADVERTISEMENTS Xxi 


CONSTRUCTORS OF MARINE EQUIPMENT FOR U. S. NAVAL 
VESSELS SINCE 1891. 


Steam Generators Condensers Distillers 
7 Superheaters Economizers Air Ejectors 


Vacuum Refrigeration Air-Conditioning Units 
FOSTER WHEELER CORPORATION, 165 Broadway, New York 6, N. Y 
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Xxil ADVERTISEMENTS 


You Can Depend on I-R 
MARINE PUMPS 


FOR LOW MAINTENANCE, SUSTAINED EFFICIENCY 
AND CONTINUOUS PERFORMANCE 


Ingersoll-Rand has a background in the design and 
application of marine pumps that dates from 1860. 
‘This vast experience, and the company’s modern 
manufacturing and research facilities, enables I-R 
engineers to help you select the most efficient pump, 
of the proper materials for any pumping service 
aboard ship. 

The complete line includes horizontal and vertical 
centrifugal pumps for boiler-feed, condenser circulat- 
ing, condensate, fire, Butterworth, sanitary and main 
cargo service. Consult an Ingersoll-Rand Marine spe- 
cialist for the answers to your pumping requirements. 


Ingersoll-Rand 


480-10 11 BROADWAY, NEW YORK 4, N. Y. 


PROVEN IN THE SERVICE 


For 58 years, Cutler-Hammer, Pioneer Electrical Manufacture: 
dependable control to all departments of the United States lee goverament. e°y to 
quan .. . backed by an outstanding record of performance. 


CONTROL APPARATUS FOR ALL MARINE USES 


Motor Control for Service, Fans, Cargo Winches, Capstans, 
Windlasses, L 


Magnetic Brakes, CUTLER: HAM a= 


Motor Operators for Valves, - Magnetic Clutches, 
Limit Switches, == MOTOR CONTROL == Watertight Door Control, 
Solenoids, Rheostats, | Pushbuttons 


CUTLER-HAMMER, Inc., 1354 St. Paul Avenue, MILWAUKEE 1, WIS. 
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G-E Skill and Experience Create Power 
for APL Round-the-World Liners 


Once again American President Lines turns to General Electric’s skill and 
experience to maintain fast, dependable sailing schedules. Round-the-world 
superliners ‘‘President Jackson,” “President Adams,” ‘President Hayes,” 
now under construction at New York Shipbuilding Corporation’s yard, 
Camden, N. J., will use G-E turbines and gears for reliable power. The G-E 
powerplants will supply 12,500 normal shaft horsepower to each of the 19,600- 
ton vessels, giving them a cruising speed of 19 knots. 


And General Electric’s attention doesn’t stop with construction. Engineers 
supervise closely the installation and operation of the equipment and its 
auxiliaries. As long as these liners float, this equipment, combined with 
G-E “Keep ’em Sailing” Service, will assure APL of faster turn-arounds and 
lower overhead. 


See your G-E representative for detailed information on dependable 
marine propulsion, auxiliaries, and “Keep ’em Sailing” Service. Apparatus 
Department, General Electric Company, Schenectady, New York. 
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This rubber diaphragm is a vital part 
of an improved “packless’” valve re- 
cently developed. It provides an air 
tight seal for hard-to-hold gases or vola- 
tile, corrosive fluids. The diaphragm is 
strong enough to contain high pressures ” 
—-yet sufficiently flexible to permit easy \ 2 Ss 
valve action. 
In addition to heat, chemical, and j 
abrasion resistance, the rubber dia- ‘ 
phragms must endure test flexings equal 
to many years of normal operation. ar 
Continental met and exceeded — Ww 
these exacting manufacturing specifica- m: 
tions. The solution of this problem 
typifies the technical service in rubber 
offered by Continental. na 
When you need better engineered kr 
gubber parts, why not enlist the help ur 
of specialists? 
Tet 


RUBBER WORKS 
PENNSYLVANIA 
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CONTINENTAL 


U. S. NAVAL INSTITUTE 


FOUNDED IN 1873 


“FOR THE ADVANCEMENT OF PROFESSIONAL, LIT- 
ERARY, AND SCIENTIFIC KNOWLEDGE IN THE NAVY” 


U. S. NAVAL INSTITUTE PROCEEDINGS 


PUBLISHED MONTHLY, ILLUSTRATED EXTENSIVELY, FOR OVER 
SEVENTY-FIVE YEARS HAS BEEN THE NAvy’s Forum. 


MEMBERS OF THE AMERICAN 
SOCIETY OF NAVAL ENGINEERS 


Should read the PROCEEDINGS for pleasure and profit. The 
issues contain anecdotes and reminiscences, incidents from his— 
tory and essays on topics of naval interest, technical articles and 
treatises on naval development and progress, book reviews and 
discussions, and international and professional notes. Member-— 
ship dues (including PROCEEDINGS), $3.00 a year. Subscrip— 
tion rate, $5.00 a year. (Foreign postage, $1.00 extra.) Single 
copies 50 cents (except some scarce issues). 


APPLICATION FOR MEMBERSHIP 


SECRETARY—TREASURER 
U. S. NAVAL INSTITUTE 
ANNAPOLIS, MARYLAND 

I hereby apply for membership in the U. S. Naval Institute 
and enclose $3.00 in payment of dues for the first year to begin 
issue of the PROCEEDING (the monthly 
magazine of the U. S. Naval Institute). 

I am interested in the objects and purposes of the Institute, 
namely, the advancement of professional, literary, and scientific 
knowledge in the Navy. I am a citizen of the United States and 
understand that members are liable for dues until the date of 
receipt of their written resignations. 


XxVi ADVERTISEMENTS 


BETHLEHEM STEEL COMPANY 


NAVAL ARCHITECTS AND MARINE ENGINEERS 


SHIPBUILDING YARDS 


QUINCY YARD 
Quincy, Mass. 


STATEN ISLAND YARD 
Staten Island, N. Y. 


BETHLEHEM-SPARROWS POINT 
SHIPYARD, INC. 
Sparrows Point, Md. 


BEAUMONT YARD 
Beaumont, Texas 


SAN FRANCISCO YARD 
San Francisco, Calif. 


SAN PEDRO YARD 
Terminal Island, Calif. 


SHIP REPAIR YARDS 


BOSTON HARBOR 
Atlantic Yard 
Simpson Yard 


NEW YORK HARBOR 
Brooklyn 27th Street Yard 
Brooklyn 56th Street Yard 

Hoboken Yard 

Staten Island Yard 


BALTIMORE HARBOR 
Baltimore Yard 


GULF COAST 
Beaumont Yard 
(Beaumont, Texas) 

SAN FRANCISCO HARBOR 
San Francisco Yard 


SAN PEDRO HARBOR 
(Port of Los Angeles) 


San Pedro Yard 


General Offices: 25 Broadway, New York 4, N. Y. 


On the Pacific Coast shipbuilding and ship repairing are performed by the Shipbuilding Division of 
Pethlehem Pacific Coast Steel Corporation 
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ADVERTISEMENTS 


Worldwide Experience 


in Communications Research and Manufacture 


J 

j 
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— in the Service of America 


While |. T. & T.'s associate companies 
abroad are contributing to the re- 
habilitation and expansion of com- 
munications in nations ravaged by the 
war, the technical skills of the System 
affiliates in this country are devoted 
largely to the service of the United 

L States. Its American research unit, 
Bi. Federal Telecommunication Laborato- 
ries—with its unique experimental tower 
if —and the factories of the Federal 
a Telephone and Radio Corporation 
i cre united in a productive partner- 
ship dedicated to the achievement of 
better communications for the nation. 


INTERNATIONAL TELEPHONE AND TELEGRAPH CORPORATION 
67 Broad Street, New York 4, N. Y. 


U. $. Manufacturing Subsidiary —Federal Telephone and Radio Corporation 
U. S. Research Unit—Federal Telecommunication Laboratories 
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The vast experience of Ward Leonard includes 
the entire period of the application of electricity. 
Every item in the line of Ward Leonard controls 
is a product of sound engineering, practical de- 
signing and careful manufacture . . . each plan- 
ned to meet a specific set of conditions ... 
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Resistors .. . Rheostats ... Relays .. . Contactors 
Motor Starters . . . Controllers . . . Speed Regula- 
tors... Automatic Voltage Regulators .. . Dimmers. 


ELECTRIC CONTROL DEVICES SINCE 1892 


WARD LEONARD 


MOUNT VERNON NEW YORK 


ELECTRIC CO. 


Parry TURBINE 


Terry Marine Turbines are dependable, compact, effi- 
cient machines especially designed for driving gener- 
ators, boiler feed pumps, fuel oil pumps, compressors, 
etc. aboard ship. They offer the advantages of over 
fifty years experience in the Marine Field on both 
Commercial and Naval Vessels. 

Turbines ranging from 5 to 3000 H.P. are built in 
the Terry Solid Wheel design as well as in the Axial 
Flow, single stage and multistage types. 

Complete details on any turbine application will be 
gladly furnished. 


THE TERRY STEAM TURBINE COMPANY 


P. O. BOX 1200 


HARTFORD 1, CONNECTICUT 


T-1190 
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ADVERTISEMENTS XXix 


KINGSBURY 
THRUST BEARINGS 


Through two World Wars, Kingsburys have been pre- 
ferred for difficult conditions of load or speed and for 
applications demanding maximum dependability with min- 
imum care and maintenance. 


Due to the Kingsbury Principle of tilting "shoes" and 
wedge-shaped oil films, there is no metallic contact while 
running, and the working surfaces have indefinite life. 


KINGSBURY MACHINE WORKS, INC. 
PHILADELPHIA 24, PA. 


U. S. S. "MISSOURI" 


Ca Each battleship of this class 

KINGSBORY has 36 Kingsbury Bearings, in- 

QP cluding four, size 49 in., on 
propeller shafts. 


Official U. S. Navy Photo—Underwood-Stratton. 
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Keeping Ahead in Submarine Design 


Amazing developments in new weapons, increased 
power for propulsion, and such improvements as the 
snorkel “breathing” device highlight the changing 
aspects of submarine design and tactics. In line 
with the growing conviction among naval authori- 
ties that the submarine is indeed the capital war- 
ship of the future, EBCo is vigorously carrying out a 
Program of advancement in engineering and pro- 
duction techniques. 


The EBCo-built “‘Holland’’, the 
Navy's first sub, was 54 feet 
long, took four years to build, 
launch and commission (1900). 


striking contrast, during 
World War II EBCo turned out 
300-footers like the “‘Cubera’’, 
tight, at the astounding peak 
rate of 27 in a single year! 


ELECTRIC BOAT COMPANY 


Submarines and Elco PT Boats 
Groton, Connecticut 


New York Office Electro Dynamic Division Canadair Limited 
445 Park Avenue. Electric Motors and Generators Aircraft 
New York City Bayonne, New Jersey Montreal, Canada 


EREVER THERE'S A COOPER-BESSEMER 


Navy and Coast Guard men who have had 
experience with C-B Diesels, who have de- 
pended upon them in action, know that 
these fine engines stand for dependability 
in its broadest sense. Perhaps they do not 
know that the outstanding performance of 
every modern Cooper-Bessemer is due in 
part to a century-old background of engine- 
building experience, This, combined with 


truly advanced engineering, has enabled 
Cooper-Bessemer Diesels to do a notable 
job in Navy and Coast Guard vessels from 
, the biggest combat ships to relatively small 
patrol boats. Yes, you can always count on 
Cooper-Bessemers for Diesel performance 
at its finest. 


The Cooper-Bessemer Corporation 


MOUNT VERNON, OHIO — GROVE CITY, PENNA. 


THERE'S RELIABLE POWER! 
7 
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TEAR OUT, FILL IN THE TWO BLANK SPACES 
SIGN AND MAIL TO: 
Secretary-Treasurer 
The American Society of Naval Engineers, Inc. 
Bureau of Ships, Navy Department, 
Washington 25, D. C. 
I would like to see an article in the JOURNAL of the following 


subject: 


..Could prepare an 


authoritative article on the above subject. 


Member 
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QUALIFICATION FOR MEMBERSHIP 


Commissioned and ex-commissioned officers of the regular Navy, Marine 
Corps and Coast Guard of the United States; warrant and ex-warrant 
officers of the regular Navy, Coast Guard and Marine Corps of the United 
States; reserve commissioned and warrant officers of the Navy, Coast Guard 
and Marine Corps of the United States shall be eligible as Naval Members. 
Persons eligible as naval members shall be admitted upon application and 
payment of annual dues. 


Persons in civil life whose knowledge of engineering is such that they 
can cooperate with Naval engineers in the promotion of professional knowl- 
edge may be eligible as civil members. They shall have been in the active 
practice of an engineering profession for at least eight years and in re- 
sponsible charge of important work for five years, and shall be qualified to 
design as well as to direct engineering work. Fulfilling the duties of a 
professor of engineering who is in charge of a department in a college or 
school of accepted standing shall be taken as an equivalent to an equal 
number of years of active practice. Graduation from a school of engineering 
of recognized standing shall be considered as equivalent to two years of 
active practice. Persons eligible as civil members may be admitted upon 
application and payment of annual dues, provided that the application is 
accompanied by the recommendation of two members and provided that 
the application shall receive the approval of a majority of the Council. 


Persons in civil life who are not eligible for civil membership, but who 
are especially interested in naval matters or the merchant marine may be 
eligible as associate members. Commissioned officers of the United States 
Army and of foreign military and naval services may be eligible as associate 
members. Persons eligible to associate membership may be admitted upon 
application and payment of annual dues, provided the application have the 
recommendation of a member and provided the application shall receive the 
approval of a majority of the Council, except that in the case of com- 
missioned officers of the United States Army and of foreign naval and 
military services, the recommendation of a member will not be required. 


Associate members shall be entitled to all the privileges of other mem- 
bers except voting and holding office. 


The annual dues shall be $7.50 payable on 1 January in advance. 
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APPLICATION FOR MEMBERSHIP 
IN THE AMERICAN SOCIETY OF NAVAL ENGINEERS, INC. 
Date 


I hereby make application for membership* in the American 
Society of Naval Engineers and submit the following information : 


For Naval Membership 
(First) (Middle) (Last) 
Name 
Rank File No 


Business connection and position, if any. 


For Civil Membership 


(First) (Middle) + (Last) 


Name 
Years in engineering work 


Years in responsible charge of important work 


Present business connection and position- 


Recommended by (two members) 


For Associate Membership 
(First) (Middle) (Last) 


Name 

Rank, if Commissioned Officer of 
U. S. Army or of foreign mili- 
tary or Naval service 


Business connection and position 


Recommended by (one member) 


Signature of Applicant 
Address for Journal and Mail 


MAIL TO SECRETARY-TREASURER 
THe AmerIcAN Society or Navat Encrneers, Inc. 
Bureau or Surps, Navy Depr., Wasurncton, D. C. 


* See reverse side for required qualifications for various classes of membership 
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Current: 


SECRETARIES OF THE SOCIETY 


Captain J. E. Hamitton, U. S. Navy 


Past Secretaries: 


1889 A. Engineer R. S. Grirrin, U. S. Navy 
1890 Assistant Engineer W. M. McFarvanp, U. S. Navy 
1891 Assistant Engineer Emit Tuetss, U. S. Navy 
1892-93 P. A. Engineer W. M. McFarvanp, U. S. Navy 
1894-95 P. A. Engineer R. S. Grirrin, U. S. Navy 
1896-97 P. A. Engineer F. C. Brec, U. S. Navy 
1898 P.A. Engineer W. M. McFarranp, U. S. Navy 
1899 Chief Engineer A. B. Wiiuits, U. S. Navy 
1900 Lt. Comdr. A. B. Wiitits, U. S. Navy 
1901 Lieutenant B. C. Bryan, U. S. Navy 
1902 Lieutenant C. W. Dyson, U. S. Navy 
1903 Lt. Comdr. Joun R. Epwarps, U. S. Navy 
1904 Lieutenant M. E. Reep, U. S. Navy 
1905 Lieutenant W. W. Waite, U. S. Navy 
1906 Lieutenant C. K. Matiory, U. S. Navy 
1907-08 Lt. Comdr. T. C. Fenton, U. S. Navy 
1909-10 Lieutenant H. C. Drncer, U. S. Navy 
1911 Commander U. T. Hotes, U. S. Navy 
1912 Lieutenant Joun Hatuican, U. S. Navy 
Lt. Comdr. E. L. Bennett, U. S. Navy 
1913 = Lieutenant O. L. Cox, U. S. Navy 
1914 Lt. Comdr. H. C. Dincer, U. S. Navy 
1915-16 Lieutenant A. T. Cuurcu, U. S. Navy 
1917 i Comdr. J. O. RicHarpson, U. S. Navy 
Lt. Comdr. F. W. Stertrnc, U. S. Navy, Retired 
1918 Lt Comdr. F. W. Srerttne, U. S. Navy, Retired 
1919 } Lt. Comdr. F. W. Srerttnc, U. S. Navy, Retired 
Commander J. S. Evans, U. S. Navy 
1920 Commander J. S. Evans, U. S. Navy 
1921 eae J. S. Evans, U. S. Navy 
Commander S. M. Rosrnson, U. S. Navy 
1922-23 Commander S. M. Rostnson, U. S. Navy 
1924-25 Commander Bryson Bruce, U. S. Navy 
1926 Commander A. M. Cuartton, U. S. Navy 
1927 Commander H. B. Hirp, U. S. Navy 
1928 — H. B. Hiro, U. S. Navy 
Captain O. L. Cox, U. S. Navy 
1929-30 Commander H. T. Smiru, U. S. Navy 
1931 Captain O. L. Cox, U. S. Navy 
1932 Commander H. F. D. Davis, U. S. Navy 
1933-34 Commander H. B. Hirp, U. S. Navy 
1935 Commander C. S. Gittetre, U. S. Navy 
1936 foe C. S. Gittette, U. S. Navy 
Commander Rocer W. Parng, U. S. Navy 
1937. Commander Rocrer W. Parng, U. S. Navy 
1938 Commander Rocer W. Patne, U. S. Navy 
Lt. Comdr. Guy Cuapwick, U. S. Navy 
1939-40 Lt. Comdr. Guy Cuapwick, U. S. Navy 
1940-44 Captain J. E. Hamitton, U. S. Navy 
1945 Commander R. T. SuTHERLAND, Jr. U. S. Navy 
1945-48 Captain F. W. Watton, U. S. Navy 
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